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Abstract
AN EXPERIMENTAL INVESTIGATION OF A SMALL-SCALE AEROTHERMOPRESSOR--A DEVICE
FOR INCREASING THE STAGNATION PRESSURE OF A HIGH-VELOCITY, HIGH-TEMPERATURE
GAS STREAM BY EVAPORATIVE COOLING
by
Kenneth R. Wadleigh
Submitted to the Department of Mechanical Engineering in partial fulfillment
of the requirements for the degree of Doctor of Science.
The purpose of this investigation was to determine whether or not
appreciable increases in stagnation pressure might be achieved through the
evaporative cooling effects of liquid water injected into a high-velocity,
high-temperature gas stream (the "aerothermopressor" process). It was
recognized at the outset that net increases in stagnation pressure can be
achieved only in large-scale devices. Consequently, the data obtained in
this investigation were to be used to gain a better understanding of the
complex processes which occur and to extrapolate measured performance to
large-scale aerothermopressors.
The aerothermopressor used in the experimental work consisted of a
bellmouth nozzle, a constant area evaporation section 2 1/8 inches in diameter
and 73 1/4 inches long, and a diffuser of six degree total angle of diver-
gence. Air which was heated by combustion in a gas furnace was drawn through
the aerothermopressor by means of the steam ejector of the M.I.T. Gas Turbine
Laboratory. Liquid water was injected into the gas stream at the exit of the
bellmouth nozzle. The effects of water injection were inferred from static
pressure measurements and from direct humidity measurements. Static pressure
variations along the evaporation section were measured, and a special probe
was developed to sample the vapor from the liquid-vapor mixture. The humidity
of the sample obtained from the probe was measured in a specially-constructed
apparatus which utilized a Foxboro "Dewcel" as the primary measuring element.
The overall performance of the aerothermopressor was measured in
terms of the normalized stagnation pressure rise(+e3a)( WD4here po1 and P03
and respectively the stagnation pressures at the entrance to the bellmouth and
exit of the diffuser, and M1 is the mach number at the exit of the bellmouth
nozzle. As expected, an overall rise in stagnation pressure was not achieved
because the scale of the aerothermopressor was too small. The detrimental
effects of wall friction were, therefore, controlling in relation to the favor-
able effects of evaporative cooling.
The overall performance was found to increase with increasing initial
mach number Mi, to increase with initial stagnation temperature T0 1 , and, in
this scale, to decrease with initial stagnation pressure pol- For each initial
stagnation state and mach number, there was found to exist an optimum rate of
water injection rate W 0. The performance was sensitive to the type of water
injection apparatus used. The most satisfactory injection scheme was found to
be a group of axial injection tubes distributed in the cross-section of the
exit plane of the bellmouth nozzle.
The best perfonnance achieved was as follows;
To, OR p0, atm M 0A0 lb water/lb air (03 ~ 0
1 0 M01 l opt
1200 1 .777 0.17 -0.229
1500 1 .780 0.24 -0.159
1800 1 .783 0.31 -0.127
Measurements of the wall friction forces were made; the effective
Fanning friction factor was estimated to be f = 0.0040. Measurements of the
rate of evaporation were made by direct use of the vapor sampling probe and
'by interpretation of static pressure changes. The highest evaporation rates
occurred in the period of acceleration of the liquid to gas velocity which
occurred in the first three feet of the evaporation section. Only small
evaporation rates occurred in the last three feet of the evaporation section.
Transitions from subsonic to supersonic flow in the constant area
test section were observed when initial mach number values were sufficiently
high.
Interpretations of the experimentally observed results are given,
based upon theoretical analyses of the overall aerothermopressor process and
the liquid drop evaporation process which are presented in the Appendices.
Extrapolations of the small-scale experimental results are made.
It is concluded that stagnation pressure ratios significantly greater than
unity can be obtained in large-scale aerothermopressors. Appreciable
improvements in the specific power output and thermal efficiencies of simple
gas turbine power plants should, therefore, be possible with the application
of aerothermopressors.
Thesis Supervisor: Ascher H. Shapiro
Title: Professor of Mechanical Engineering
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I. Introduction
The name "aerothermopressor" has been given to a device which is
designed to produce an increase in the stagnation pressure of a high-velocity,
high-temperature gas stream by the evaporative cooling effect of injected
liquid. The possibility of achieving an increase of stagnation pressure of a
gas stream by this method was first discussed by Shapiro and Hawthorne (1)*.
They showed that the stagnation pressure of a gas stream might be increased by
reducing the stagnation temperature. By making use of Reynold' s analogy
between heat and momentum transfer, they further showed that this increase in
stagnation pressure could not be achieved if heat transfer surfaces were
utilized to reduce the stagnation temperature since the corresponding detri-
mental friction effects would offset the beneficial cooling effects--resulting
in a net loss of stagnation pressure. Shapiro and Hawthorne concluded that a
rise in stagnation pressure could be achieved only if the decrease in stagnation
temperature were accomplished by evaporative cooling. Water was recognized as
an ideal liquid for this purpose since, in addition to being plentiful, it has
an extremely high latent heat of vaporization.
The first application of this device to be investigated was in
connection with a theoretical survey of supersonic wind tunnel propulsion
systems (10). The magnitudes of stagnation pressure ratios which appeared
feasible in this study were not sufficiently large to justify development for
wind tunnel application. The idea was then advanced that the aerothermopressor
might be used to improve the thermal efficiencies and power outputs of simple
gas-turbine stationary and marine power plants. In this connection, the
* Numbers in parentheses refer to the bibliography.
aerothermopressor appears to possess significant promise. The aerothermopressor
would perform a function in the gas turbine plant which, in a sense, is analogous
to the function of the condenser in the steam power plant. The high temperature
gases which issue from the expansion turbine would be expanded to high
velocities in the nozzle of the aerothermopressor; liquid would be injected
into the stream; and, after evaporative cooling, the resulting stream would
pass through a diffuser to be exhausted into the atmosphere. Since the aero-
thermopressor would provide an overall stagnation pressure rise from the inlet
of the nozzle to the exhaust from the diffuser, the exhaust pressure of the
turbine could be reduced to values below atmospheric. As a consequence, the
thermal efficiency and the net power output of a plant of given size would be
improved by the aerothermopressor.
An analysis of the flow within the aerothermopressor (see Appendix A)
indicates that (i) the successful performance of the aerothennopressor is a
function of the size (diameter) of the evaporation section since the stagnation
pressure increases due to liquid evaporation but decreases due to wall friction
and liquid drag effects, and (ii) the potential performance of the aerothermo-
pressor is better at supersonic gas speeds than at subsonic gas speeds. It
may, therefore, be concluded that a successful aerothermopressor will probably
be a large-scale, high-velocity device.
Some small scale experiments on constant-area supersonic aerothermo-
pressors have been conducted by Templeton and Wish (3) and Gisvold and
Matheson (4). Generally speaking, these experiments were in the nature of
gambles on achieving a stagnation pressure rise with simple, small-scale
equipment. Although increases in stagnation pressure were not achieved, much
valuable information on the general nature of the aerothermopressor process was
gained from these experiments.
More detailed analyses of the aerothennopressor process, particularly
of the liquid drop formation and distribution (7) and the drop evaporation
process (Appendix D), have been carried out since these experiments were per-
fonned. These analyses indicate that the problems associated with the
development of a supersonic aerothermopressor are far more difficult to solve
than those associated with the development of a subsonic aerothermopressor,
and that much more elaborate instrumentation than had been used previously
would be necessary to study the complex aerothernopressor process.
These findings led to the decision to concentrate on the construction
of a small-scale aerothenmopressor with a subsonic nozzle at the entrance to
the evaporation section. The device was to be sufficiently well-instrumented
to gain a better understanding of the many complex processes which occur in
the aerothermopressor than had been obtained in previous work. When the
decision was made, the subsonic aerothermopressor was thought to be one in
which a subsonic flow was produced at the entrance to the constant-area
evaporation section and maintained at subsonic levels throughout the process.
During the course of this experimental work, however, it was discovered that
transition from subsonic to supersonic flow in a constant-area duct is made
possible by certain phenomena associated with the liquid drag and evaporation
processes. The distinction between a subsonic and supersonic aerothermooressor
thus depends upon the character of the entire process--not only upon the
velocity of the gas flow which enters the evaporation section.
The aerothermopressor used in this work consisted of a bellmouth
entrance nozzle, a constant area evaporation section, and a diffuser. To
supplement the interpretation of the liquid evaporation processes by means of
static pressure measurements, a special vapor sampling probe was also
developed. This probe permitted the removal of a sample of the vapor from
the liquid-vapor mixture in the evaporation section, the water content of
which was measured by means of a specially-designed dew point apparatus.
It should be emphasized that the purpose of the work was to obtain
fundamental data which would contribute to a better understanding of the
complex aerothennopressor process and consequently pennit a more rational
design of a large-scale aerothennopressor. It was recognized from the outset
of this work that the scale of the test apparatus was too small to produce
a net increase in stagnation pressure.
II Test Apparatus, Instrumentation, and Calibration
A. Main Test Equipment
All test work was carried out in the Gas Turbine Laboratory of the
Massachusetts Institute of Technology.
The main test equipment which was used in this experimental work is
shown in the schenatic diagram, Figure 1. The aerothemopressor itself
consisted of a bellmouth entrance nozzle, a straight constant-area evaporation
section, 73 1/4 inches long and 2 1/8 inches in diameter, and a diffuser of
six degrees total included angle which diffused the flow to standard six inch
pipe. The evaporation section was made of heavy wall type 321 stainless
steel tubing in two lengths, each three feet long. The inside wall was honed
to provide smooth wall conditions. The bellmouth was machined in a type 321
stainless steel block welded to one end of the test section. The diffuser was
rolled from type 321 stainless steel sheet 1/8 inch thick. Since there was a
constant area section 1 1/4 inches long at the entrance portion of the
diffuser, the total length of the constant area evaporation section 73 1/4
inches.
Twenty static pressure taps of 0.030 inch diameter were spaced along
the length of the evaporation section as shown. These taps and two pitot-static
tubes, located 15 1/2 inches upstream from the entrance to the bellmouth nozzle
and 8 3/4 inches downstream from the exit of the diffuser, were connected to
a mercury manometer board to permit measurement of pressure distribution through-
out the apparatus.
The constant area evaporation section was also fitted with eight
access ports to permit the use of special sampling probes and any other special
instrumentation. The probes were inserted in these access ports through plugs
of the type shown in Figure 2. Blind plugs shaped to fit the inside contour of
the circular evaporation section were fitted to the access ports when no
probes were in use.
The initial stagnation temperature of the gas T was measured 12
inches upstream from the entrance of bellmouth nozzle by means of a five-
shielded, chromel-alumel thermocouple probe manufactured by the Airflo
Instrument Company. A Leeds and Northrup K2 potentiometer was used for this
and other temperature measurements.
The steam ejector of the Gas Turbine Laboratory provided the suction
necessary to run the aerothenmopressor tests. Atmospheric air was drawn into
the apparatus through a specially constructed gas-heating furnace. The
furnace, which was constructed by the Etter Engineering Company, utilized at)
Eclipse NHE burner No. 5 as the primary heating burner and an Eclipse Walltite
LEA-9 burner No. 3 as the pilot burner. Excellent temperature control was
achieved by regulating the primary combustion air by means of a large butterfly
valve and a small bypass valve located between the air blower and the gas
burners.
Various water injection nozzles were held at the center of the stream
at the bellmouth nozzle by a suspension apparatus located upstream from the
bellmouth. Radial water injection nozzles were also located 3/8 inch and
10 3/4 inches downstream from the entrance of the constant-area evaporation
section. The water flow rates were measured by means of a Schutte and Koerting
No. 3A rotameter, a Schutte and Koerting No. 4B rotameter, a modified Fischer
and Porter No. D4 rotameter, or a special calibrated orifice, depending upon
the mass rate of flow being used. For most nozzles city water pressure was
sufficiently high, but, for those which required high pressures, a Burks turbine
pump Model 75 E16 was used. The water flow was controlled by means of a pressure
regulating valve and a needle valve.
The hot gases emerging from the aerothennopressor passed into a large
quench tank in which cooling water was sprayed. The cooled gases then passed
through a standard 6 inch valve to the main stream ejector line. This valve
provided control of the mass rate of flow of gas through the system. Liquid
water which accumulated in the quench tank was exhausted by means of a
Pemberthy XL-96 No. 2 steam ejector.
Except for flow conditions at the high initial mach numbers just
slightly below choking values, steady-state conditions were easily achieved.
Under these steady-state conditions pressure measurements were made to within
an accuracy of less than one millimeter; water flow measurements to an accuracy
of 0.002 lb per second. Inlet stagnation temperature as indicated by the
thernocouple were easily held to within 5 degrees Fahrenheit. The measurements
of initial mach number and air flow rate were subject to greater error; these
errors are discussed in the following section B.
At choked flow conditions, all measurements were accomplished equally
well except that there were large pressure fluctuations in that portion of the
evaporation section in which the shock fluctuated.
Almost all test work was carried out at inlet stagnation pressures
corresponding to the slight drop in pressure from the atmosphere through the
gas furnace and inlet piping. For the few tests run at lower pressure
loads, a "jury-rigged" throttle valve, consisting of a stainless steel sheet
inserted between flanges in the pipe between the furnace and the aerothermo-
pressor, was used.
B. Measurement of Initial Mach Number and Mass Rate of Flow of Gas
The bellmouth nozzle at the entrance of the aerothennopressor
evaporation section (Figure 1) was used for flow measurement as well as for
the acceleration of the gas stream.
The initial mach number and the mass rate of flow of gas were
computed under the assumption that the flow through the nozzle was one-dimen-
sional and isentropic. The isentropic relations of the Gas Tables (9) were
used since the variation of specific heat with temperature is appreciable at
the temperature levels used in the experimental work.
It was found during the initial experimental work that the flow through
the bellmouth nozzle was evidently three-dimensional in character since pressure
depressions were observed at the location of the throat pressure tap. The
presence of the various liquid injection nozzles was also found to disturb the
entering gas flow with a variable effect on the pressure depression depending
upon the injection nozzle used.
Since simple one-dimensional isentropic flow relations were used to
predict the velocity and mass rate of flow from the measured inlet stagnation
temperature and pressure and the static pressure at the exit of the nozzle,
it was necessary to correct the measurements for the observed depression. It
was not possible to rely upon the next static pressure measurement two inches
downstream from the nozzle exit because, in most tests, water was injected at
the'nozzle exit plane. The resulting drag of the water had a marked influence
on the static pressure at all locations downstream from the plane of injection.
The correction to the pressure measurement at the nozzle exit tap was
obtained from a series of tests in which the pressure variation along the
constant-area section was measured. The "corrected" inlet pressures p1 were
then obtained by a simple extrapolation of these data. The plots of Figure 3
are typical of the pressure variations which were measured and the extrapola-
tions which were made. It was possible to run these tests with no liquid
injection at the nozzle exit plane up to initial mach numbers which were
higher than those corresponding to choked flow with no water injection.
This was accomplished by injecting liquid through the radial injection nozzles
at a position 10 3/4 inches downstream from the exit plane of the aerothermo-
pressor nozzle.
As would be expected, the ratio of the normalized pressure drop
(0 1 ~-Ethrough the nozzle for the corrected value of p) , to the value
p01- l) POl corrfor the measured value of pl, ( 1) , was found to be a linear function
~01 meas
of the square of the initial mach number M12 , as shown in Figures 4, 5 and 6.
The water injection nozzles which were used are described in Table 1. The
curves of Figure 4 show that for each liquid injection nozzle this correction
factor is independent of temperature and pressure level within the order of
accuracy of the measurements and extrapolations.
For convenience in computing values of the initial mach number and
mass rate of flow of gas, the correction facto +ol -_p  PoiIpl)
01l ~ Pl P01 icorr 01 'meas
was plotted as a function of as shown in Figure 7.
~0l meas
In the range of initial mach numbers tested, the correction factor
may be in error by as much as 10 to 12% but the resulting errors in predicted
mach number and mass rate of flow are considerably less--about 1% in the range
of initial mach numbers used.
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C. Humidity-Measuring Instruments and Calibration
1. Statement of the Problem
The theoretical analysis of Appendix B shows that it is necessary to
measure at least two independent properties of the flow to determine the state
of the liquid-vapor mixture at any cross-section of the aerothermopressor.
In previous experimental work (3, 4) only the static pressure of the stream
was measured, and the actual state was inferred only on the basis of certain
assumptions regarding the value of the wall friction forces. Accordingly, in
this experimental work it was decided to attempt to measure at least one other
property in addition to the static pressure.
The difficulties in measuring the total or stagnation pressure of
the stream when liquid droplets are present is apparent. No attempts were
made to develop a satisfactory total pressure probe sufficiently early in this
work although development of a stagnation pressure probe by other workers is
in progress at the time of this writing.
For this work, efforts were concentrated on the development of a
suitable method of measuring the water vapor content of the gas stream at
several cross-sections of the evaporation section. The problem of measuring
the humidity of the liquid vapor mixture was reduced to (i) withdrawing a
true sample of the gas phase of the two-phase flow, and (ii) measuring the
water vapor content of this sample.
2. Sampling Probes
It is difficult to withdraw a sample of the gas phase since the
liquid droplets are so small that they may easily follow the direction of the
gas streams. Furthermore, any liquid which impinges upon the probe may very
likely run into the sampling holes. Two vapor-sampling probes ("humidity
probes") were built which incorporated features which overcame these
difficulties to a large degree. The probes are shown in figures 8 and 9.
The sampling hole of each probe was inclined away from the direction
of flow of the main stream in an attempt to provide a small radius of curva-
ture of the streamlines of the incoming sample stream. With this small
radius of curvature, it was hoped that most of the liquid droplets, particu-
larly the larger ones, would be thrown off.
The sampling hole of each probe was also prevented from taking in
liquid water which impinged on the probe by a boundary layer suction port.
In probe I, this hole was provided only on the upstream side of the sampling
hole, while in probe II, the boundary layer suction port was an annulus which
surrounded the sampling hole.
Eight access ports were provided along the length of the evaporation
section of the experimental aerothermopressor (Figure 1). The humidity probes
were held in these access ports by means of special glands the details of which
are shown in Figure 2. Each probe was traversed across the stream by loosening
the gland screws and sliding the probe in its gland guide.
3. Apparatus for Measuring Humidity of Sample Stream
A special apparatus was constructed to provide suction for the
boundary layer and sample ports of the sampling probes and to provide a means
for measuring the water vapor content of the sample stream. The detailed
design, construction and test of this apparatus formed the subject of another
thesis (5).
A schematic diagram of this device is shown in Figure 10. Briefly,
an ejector operated by compressed air provided a controlled suction pressure for
the boundary layer port. The boundary layer stream which was withdrawn was
passed through a boiling water heat exchanger to insure that all the liquid
present was vaporized. The mass rate of flow of this stream was measured
by a small converging nozzle placed between the heat exchanger and the
suction ejector.
Another ejector operated by compressed air provided suction for
the sampling port. The sample stream was passed successively through a
heated line, boiling water heat exchanger, flow-measuring nozzle, controlled
temperature heat exchanger, water jacketed "Dewcel" chamber, and the suction
ejector.
The dew point temperature of the sample stream was measured by a
Dewcel, a commercial instrument manufactured by the Foxboro Instrument Company
which is calibrated by means of data on the equilibrium of lithium-chloride
and water at various temperatures. The dew point thus measured and the
pressure within the Dewcel chamber gives the value of the specific humidity"W
of the sample stream through the familiar relation
W p
Wa g p -Pg9
where p is the saturation pressure corresponding to the dew point temperature
and p is the pressure in the Dewcel chamber.
4. Calibration of Sampling Probes
In Reference 5, Larson shows that the humidity measurements taken by
are.
the humidity-measuring apparatus shown in Figure 10 4e accurate to within 3%
To test the ability of the sampling probes to remove the gas phase
of the liquid-vapor mixture, each probe was tested under rather severe
conditions, With the probe located in the center of the gas stream at the
last access port located 67.5 inches from the injection plane (Figure 1),
the aerothermopressor was operated cold (little or no evaporation) at an
initial mach number of about 0.5 and with liquid water injection through
nozzle no. 3 (Table 1).
When the aerothermopressor was operated with'an initial stagnation
temperature T corresponding to atmospheric temperature (approximately 60F)
and with an initial injection rate W 0 of approximately 0.2 lb water per
lb air, readings of dew point temperature could not be observed over a wide
range of boundary layer and sample suction flow rates. The dew points under
these conditions were below the lowest available dew point thermometer reading
of about 450 F. Only when no boundary layer flow rate was used were dew point
temperatures observed; these were extremely erratic since liquid water was
sucked in under this condition.
Each probe was then tested at the same location with only the pilot
burner of the aerothermopressor gas burner lighted. Inlet stagnation tempera-
ture T01 under these conditions varied from about 120 to 1330 F. The results
of these tests are shown in Figures 11 through 16.
The results of tests of probe I (Figure 8) showing the effects of
varying the sample flow rate and the boundary layer flow rate are shown in
Figure 11. In this series of tests the inlet stagnation temperature TOl
stagnation pressure pol mach number M 1, and injection rate Wo were held
constant. While the sample flow rate was held constant at about 7.2 to 7.3
(10l4 ) lb/sec, the boundary layer flow rate was varied for zero to 12.3 (10~l)
lb/sec. At values of the boundary layer flow above about 6 (10~1) lb/sec there
was no trend in the variation of measured specific humidity indicating that little oc
none of the liquid impinging on the probe was permitted to enter the sampling
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hole. At lower values of the boundary layer flow, however, the measured
specific humidity was much higher, indicating that some liquid which
impinged on the probe was permitted to enter the sampling hole.
While the boundary layer flow was held approximately constant at
10.8 to 11.5 (10~4) lb/sec, the sample flow rate was varied from 4.3 to
7.6 (10~4 ) lb/sec. Higher values of the sample flow could not be obtained
since the flow was choked at about 7.6 (10~4) lb/sec. At values of the
sample flow above about 6 (10~4) lb/sec there was no trend in the variation
of the measured specific humidity, indicating that liquid droplets were
effectively thrown away from the incoming sample stream, while at sample flow
rates below 6 (10~4) lb/sec, the opposite was the case.
The results shown in Figure 11 were taken to indicate that sampling
probe I operated quite effectively when boundary layer and sample flow rates
were each maintained above 6 (10~4) lb/sec.
Operating with these favorable sample and boundary layer flow rates,
probe I was then tested at different values of initial injection rate for the
same inlet stagnation state and mach number. The results of these tests are
shown in Figure 12. The value of the specific humidity of about 0.016 lb water
per lb air measured when no liquid was being injected corresponded to the value
of the water vapor content of the outside atmosphere plus the water formed in
the combustion in the pilot burner. Although when liquid was injected there
was additional water evaporated into the gas stream passing through the aero-
thermopressor, it is unlikely that this evaporated water accounted entirely
for the rise in measured specific humidity with injection rate shown in
Figure 12.
It may be seen that some water evaporated during these tests from the
data plotted in Figure 13. The observed values of the ratio of the static
pressure at the probe location to the initial stagnation pressure -- are
p0l
plotted against the water injection rate. Also plotted are the results of
discontinuity calculations (Appendix B and Reference 2) for the case of no
evaporation and for various values of the wall friction term f - . The
difference in slope between the experimentally observed data and the results
of the calculations indicates that evaporation took place, since the static
pressure increases as a result of evaporation (Table 2).
The dew point temperature variation of the aerothermopressor stream
at the probe location based upon the measured specific humidity (Figure 12)
and the observed static pressure (Figure 13) is plotted as a function of the
initial injection rate in Figure 14. Also plotted is the stream temperature
predicted from the discontinuity analysis for the case of no evaporation
and with the wall friction term f L = 0.10. Since evaporation would lower
this predicted temperature still more, it is obvious from the comparison of
these two curves that a very small amount of liquid water was taken in with
the sample stream--particularly at the higher injection rates.
The maximum amount of liquid drawn in with the sample stream at
the highest injection rates was probably no greater than about 7% of the
initial injection rate. Since the probe was mostly used to withdraw samples
in the high-temperature runs at cross-sections were most of the liquid was
evaporated, this error was neglected in interpreting the data taken at high
temperature levels.
Sampling probe II (Figure 9) was subjected to a series of tests
similar to that described for probe I. The results of the tests in which the
sample flow rate and boundary layer flow rate were varied independently are
shown in Figure 15. In this case no definite limiting flow rates of the
nature found for probe I were evident. Furthermore, for probe II, the
suction vacuum necessary for any given flow rate were found to be much
higher than those for probe I and, as a result, the pressures measured in
the Dewcel chamber were extremely low. Greater errors in prediction of the
specific humidity from the measured Dewcel chamber pressure and dew point
temperature were, therefore, possible with probe II. Time limitations
prevented a satisfactory exploration of the flow phenomena observed with
probe II. Nevertheless, the results of the tests of probe II at various
initial injection rates which are shown in Figure 16 indicate good agreement
with the results for probe I (Figure 12). Difficulties were also experienced
with short circuits in the thermocouples located in the vapor-sampling probes.
Time limitations prevented the repair of these special devices. As a result,
no reliable temperature measurements were obtained with these probes.
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III Discussion of Experimental Results and Comparison with Theory
A. Interpretation of the General Effects of Water Injection and
Evaporation on Pressure Distribution in Evaporation Section
1. Use of Theoretical Analysis
The static pressure distributions along the evaporation section
which have been measured for various combinations of values of initial
parameters are helpful in interpreting the effects of water injection, water
evaporation and wall friction on the flow. The table of influence coefficients,
Table 2, which results from a theoretical analysis of the aerothermopressor
flow (Appendix A), permits the formulation of the following table of qualita-
tive effects on static pressure and mach number changes:
Subsonic Flow (M41)
Static pressure, p Mach number, M
Liquid evaporation (cooling) causes increase decrease
Liquid drag and wall friction cause decrease increase
Supersonic Flow (M 1l)
Liquid evaporation (cooling) causes decrease increase
Liquid drag and wall friction cause increase decrease
With the measured pressure distributions and the above table a good
picture of the nature of the aerothermopressor process may be formulated.
2. Effects of Liquid Injection for Processes with Low and High
Stagnation Temperature
In Figure 17 are plotted the static pressure distributions along the
length of the evaporation section which were measured in tests conducted at
essentially constant initial mach number 1 and with three water injection
rates W 0 and two initial values of the stagnation temperature T0 '
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The curves labelled AO and BO are for runs with no liquid injection
at initial stagnation temperatures of 530 R and 1500 R respectively. Since
the flow was subsonic, in these tests the static pressure decreased in
accordance with the well-known Fanno line interpretation. The mach number,
of course, increased along the test section. The low temperature curve AO
lies above the high temperature curve B because (i) the initial mach number
W.as
M -e slightly lower and (ii) because the wall friction factor f was smaller
since the Reynolds number for the cold flow was higher.
Curves A2 and A3 represent the pressure distributions which were
obtained for increasing values of the water injection rate at low temperatures.
Since little or no liquid was evaporated in these runs, the pressure drops
were greater since the drag of the liquid added to the wall friction effects.
The increases in mach number along the evaporation section were accordingly
larger; in fact, the curve marked A3 corresponds very closely to the choked
flow condition.
Comparison of curves Bl and B2 with curves Al and A2 shows that the
injection of water at the high initial stagnation temperature of 1500 R had
quite the opposite effect. In these runs the evaporation of water was
appreciable and consequently the pressure drops were less than for the corres-
ponding test with no liquid injection. The mach number changes were undoubtedly
also much smaller than for the runs with no liquid injection at high temperature.
3. Effects of Varying the Water Injection Rate in Processes at High
Initial Stagnation Temperature
The pressure changes at high temperature levels caused by the combined
effects of wall friction, water injection, and water evaporation shown by
curves BO, Bl and B2 of figure 17 are more pronounced at higher values of the
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initial mach number. In Figure 18 are plotted static pressure distribution
curves corresponding to various liquid injection rates which were measured
in tests at an initial Mach number M = 0.65 and at an initial stagnation
temperature T0 l = 1500 R. Since the initial mach number corresponding to
choked flow with no liquid injection was below 0.65, no curve corresponding
to a dry run is shown in this figure.
For each constant value of the injection rate, the following
characteristic divisions in the overall process should be noted:
a) The static pressure immediately following injection decreased
rapidly since the liquid drag forces were predominate.
b) Following this drop in pressure there was a rapid rise in pressure
corresponding to the rapid evaporation of liquid during the
"turbulent" portion of the evaporation process--where there existed
large differences between the liquid and gas velocities. The
evaporation effects were predominate over the drag and wall friction
effects during this portion of the process.
c) After the liquid was accelerated to velocities nearly equal to the
gas velocities, the evaporation rate decreased in the "laminar"
portion of the evaporation process, since the heat transfer coefficients
were smaller and the temperature differences were lower. Consequently,
the wall friction drag became controlling, and the pressure again began
to decrease.
The curves of Figure 18 also show that there existed an optimum
injection rate between W 0 = 0.21 and 0.31. Above this optimum injection rate
drag effects caused by added liquid injection offset the evaporation effects,
since the gas temperatures dropped to near-saturation values. The optimum
value of the injection rate is discussed more fully in section III C.
4. Transition from Subsonic to Supersonic Flow in the Constant
Area Evaporation Section
The combined effects of wall friction, water injection drag, and
water evaporation at high temperature levels permit a transition from subsonic
to supersonic flow in the constant area evaporation section of the aerothermo-
pressor. This curious phenomenon is illustrated by the pressure distribution
curves of Figure 19 which were measured in tests at a constant initial
stagnation temperature T01 = 1500 R and a constant injection rate W 0 = 0.21
lb water per lb air.
The curves of Figure 19 which correspond to initial mach number values
of 0.48 and 0.65 are very similar to the curves of Figure 18, differing only
in that the magnitudes of the pressure changes increase rapidly with mach
number. The initial pressure drops associated with predominate liquid
evaporation, the following pressure increases associated with predominate liquid
evaporation, and the final pressure drops associated with predominate wall
friction were evident in these experiments.
Although the corresponding values of the mach number could not be
measured, it may be assumed that the mach number first increased when liquid
drag was predominate, then decreased when evaporation was predominate, and
finally increased again when wall friction was predominate. The value of the
mach number therefore passed through a maximum when the liquid evaporation
first became predominate. As the initial mach number of the stream was
increased, this maximum mach number value increased until it reached the
critical value of unity. This condition occurred in the experiments of Figure 19
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when the value of the initial mach number was increased to 0.78. The mass
rate of flow reached -a a maximum at this condition since the flow was
choked when the local mach number was equal to unity. No further increases
in initial mach number or flow rate by lowering the back pressure p0 3 were
possible.
For the choked flow corresponding to the curve marked 1 in
Figure 19, the pressure first decreased and the mach number increased
because the liquid drag was predominate in the subsonic flow. The critical
condition was reached when the mach number became equal to unity at a point
about three or four inches from the injection plane. At this condition, the
evaporation became predominate; the pressure continued to decrease, and the
mach number continued to increase-corresponding to the predominate effect of
evaporation in supersonic flow. At a distance of about 33 inches from the
plane of injection, the wall friction became predominate, the rate of
evaporation having decreased, and there followed a pressure increase and mach
number decrease corresponding to the influence of wall friction in supersonic
flow. A shock to subsonic flow followed at about 55 inches and then, with wall
friction predominate, the pressure decreased and the mach number increased to
unity at the exit of the constant area section. The flow in the diffuser
section became supersonic and shocked to subsonic at a mach number and
location corresponding to the value of the back pressure at the points labelled
2, 3 or 4. The back pressure corresponding to the point tbelled 4 was that
limiting value which corresponded to subsonic flow throughout the diffuser from
a mach number of unity at the entrance to the diffuser.
As the back pressure was increased above that corresponding to point 4,
the shock moved forward in the evaporation section and the typical pressure
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distribution curves labelled 5, 6 and 7 were obtained. The values of the
mach number at the entrance to the diffuser corresponding to these curves
were, of course, less than unity.
It was found impossible to adjust the flow to move the shock any
closer to the injection plane than that indicated by the curve labelled 8.
As the back pressure was increased slightly above that corresponding to
the point labelled 9, the entire flow became very unsteady. Small varia-
tions in initial conditions then caused large unsteady surges in pressure and
flow rate.
For an initial stagnation temperature of 1500 R, and injection rates
below about 0.14 lb water per lb air, it was impossible to reach a mach
number of unity at any point other than the exit of the constant-area
evaporation section.
At low water injection rates, the liquid drag was not sufficient to
cause the mach number to increase to unity in the constant-area evaporation
section.
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B. Experimental Determination of the Optimum Water Injection Nozzle
The design of the water injection nozzles is a critical portion of
the overall design of the aerothermopressor since the overall performance of
the aerothermopressor is dependent upon achieving maximum water evaporation
rates in minimum lengths of evaporation section. The injection nozzle design
must therefore satisfy the following two major requirements:
1) The diameter of the liquid droplets produced by the injection nozzles
should be as uniformly small as possible. The drop evaporation
equations Dll and D13 of Appendix D indicate that the rate of evapora-
tion is inversely proportional to the square of the droplet diameter
d w d-2) during the laminar or molecular evaporation regime and
inversely proportional to five-thirds power of the droplet diameter
d -( tv d 3) during the turbulent portion of the evaporation regime.
2) The liquid droplets should be dispersed as uniformly as possible
throughout the gas phase to avoid localized regions of high concentra-
tions of water vapor and liquid which tend to reduce the overall rate
of evaporation. This requirement also implies that minimum liquid
impingement upon the walls of the aerothermopressor is desirable.
The drop-formation studies of Nukiyama and Tanasawa (8) and of
Plender (7) indicate that air-atomization techniques are very effective in
producing liquid sprays of very small drop size. Since the main gas stream of
the aerothermopressor provided in itself the high velocity gas necessary for
this type of atomization, it was felt that the best nozzle designs would result
if air atomization was utilized, with the main gas stream serving as the primary
source of air.
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A major portion of the experimental program was devoted to the
determination of the most satisfactory nozzle design for ue in the small
scale aerothermopressor. Since no direct measuring techniques were avail-
able to measure the drop size and distribution, the determination of water
injection nozzle performance was based upon the best overall performance
of the entire aerothermopressor process.
An overall performance coefficient was defined using as its basis
the controlling differential equations for an infinitesmal portion of the
aerothermopressor process developed in Appendix A. The differential equation
for the change in stagnation pressure may be written as
dp2 d Y - 2kf 
--
p0M; D
where the term dY represents all terms which take into account the acceleration
and evaporation of the liquid water. Since the objective of the aerothermo-
pressor is to achieve an overall rise in stagnation pressure (that is--to make
the liquid injection and evaporation terms outweigh the wall friction term in
the integrated form of this equation), the measured overall rise in stagnation
pressure, normalized as indicated by the form of this equation, was used as a
criterion of aerothermopressor performance. The performance coefficient was
Q3 - p0 1therefore defined as -01 M2 , where the stagnation pressure p01 was
Pal m12
measured at the entrance to the nozzle, the stagnation pressure p03 was
measured at the exit of the diffuser, and the initial mach number M was measured
at the entrance of the evaporation section.
The following experimental procedure was used in evaluating the perform-
ance of the water injection nozzles:
a) For a constant initial stagnation temperature T0 1 = 1500 R, a
constant initial stagnation pressure value of -epeen p0 1 = 14.7 psio
(approximately) and for several values of the initial mach number M,,
the variations in the overall aerothermopressor performance coeffi-
0O3 ~ 901
cient M 2 with initial injection rate W were determined.
ol 1 0
In Figure 20 are shown typical curves of performance coefficient
versus initial injection rate determined in this manner.
b) The optimum values of the performance coefficients at each initial
mach number were taken from curves similar to those of Figure 20 and
plotted as functions of initial mach number M1 (Figure 21). The
highest indicated values of the initial mach number for those nozzles
tested at more than one mach number are those mach numbers corres-
ponding to choked flow conditions. The corresponding values of the
optimum performance coefficient are those in which the choked condition
was located as far upstream in the evaporation section as it was
possible to obtain under steady operating conditions (see Section III A).
The curves of Figure 21 therefore represent the optimum performance
obtained with twenty different water injection nozzle schemes. Each nozzle
is identified in Table 1.
The nozzles fall into four broad categories:
i) axial flow jets (numbers 1, 3, 4, 5, 6, 18, 19, 20);
ii) radial jets located in the test section wall (numbers 7, 8, 11);
iii) water sheet formation nozzles (numbers 2, 16); and
iv) combinations of the preceding categories (numbers 9, 10, 12, 13, 14,
15, 18).
Based upon preliminary cold tests using the transparent test section
of Plender (7), it was found that the radial flow jet nozzles (ii) and the
water sheet nozzles (iii) produced smaller drop sizes, at least near the point
of injection, than the axial flow jets (i). On the other hand, the distri-
bution of water in the cross-section achieved by the axial flow jets (i) was
essentially independent of the water-air ratios while the reverse was the
case for the other nozzles (ii, iii). There was also some evidence that the
final break-up into small droplets of the streams from the axial flow nozzles
was probably about as complete as that achieved by the other nozzles, although
this final break-up did occur at a greater distance from the point of injection.
The curves of Figure 21 definitely indicate that the performance of
the multi-axial jet nozzle No. 3 was at least equal to if not better than that
of any other nozzle tested. It was also felt that the multi-axial jet nozzle
could be more easily adapted to large scale aerothermopressors than the other
types. Nozzle No. 3 was therefore selected as the optimum design, and all
further experimental work was carriedusing this nozzle.
It should also be noted that a comparison of the performance of
nozzles numbers 3 and 20 indicates that the advantages of smaller drop size
formation and better distribution associated with higher air velocities at the
beginning of the constant-area evaporation section (no. 3) more than outweigh
the reduced drag effects associated with locating the same injection nozzle
upstream of this section (no. 20).
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C. Variation of Overall Aerothermopressor Performance with Initial Mach
Number, Initial Stagnation Temperature, Initial Stagnation Pressure,
and Initial Injection Rate.
Using the normalized overall stagnation pressure rise PO M 101 1
(Section III B) as the single criterion of aerothermopressor performance, tests
were made to determine the variation in performance with certain initial
parameters. In all of these tests, water injection nozzle no. 3 was used.
As expected, in no tests of the small-scale aerothermopressor was there a net
size in stagnation pressure since in the small diameter D = 2 1/8 inches, the
wall friction forces were too high.
1. Variation in Performance with Initial Injection Rate
The curves of Figure 20 are typical of the variation in overall
performance achieved when the water injection rate was varied with the initial
stagnation state and the initial mach number held constant. For each set of
initial conditions there was found to be an optimum injection rate at which
the beneficial effects of the evaporation of liquid were best utilized in
offsetting detrimental effects of drag due to injection of the water and the
wall friction forces. At injection rates above the optimum, the drag effects
caused by the added liquid injection offset any additional evaporative effects
since the gas stream saturation conditions limited the amount of water which
could be evaporated.
For a fixed initial stagnation state, the optimum injection rate
was found to be quite insensitive to initial mach number, varying only about
0.03 lb water per lb air for the range of mach numbers tested (see legend,
Figure 22). No definite trend with mach number was observed within the
accuracies of the measurements.
2. Variation of Performance with Initial Stagnation Temperature
The experimental results plotted in Figure 20 indicate that at a fixed
low value of the injection rate, the aerothermopressor performance was superior
for the lower initial stagnation temperatures, while at a fixed high value of
the injection rate, this behavior was reserved. The initial stagnation
pressure and initial mach number were held constant for these comparisons.
At low values of the injection rate, practically all of the injected
water was evaporated (see Section III E) at any of the stagnation temperatures
of 1200 R or above. The overall performance was thus dependent upon the
variation of the wall friction forces with temperature. The equations of
Appendix B may be combined to show this variation in the following equation:
f p M2
Since the Reynolds numbers were larger for the lower temperature runs, the
friction factors f were smaller and, consequently, the wall shear forces were
smaller for the low temperature runs.
At the high injection rates on the other hand, the fraction evaporated
depended to a great extent upon the initial stagnation temperature. The higher
temperature differences caused a higher rate of evaporation and the resulting
high evaporation outweighed the higher wall friction forces.
For the same reason, the optimum performance, corresponding to the
optimum injection rates, increased with initial stagnation temperature. The
optimum performance variation with initial stagnation temperature may be seen
in Figure 22.
3. Variation of Performance with Initial Stagnation Pressure
The curves of Figures 20 and 22 also illustrate the effects of
varying initial stagnation pressure on the overall aerothermopressor perform-
ance. For the small-scale aerothermopressor tested, the performance decreases
with decreasing initial stagnation pressure. This behavior may be explained
by referring to the measured pressure distribution curves of Figure 23
which illustrate the influence of pressure levels on evaporation rates.
Unfortunately, the values of the initial mach number and injection rates
were not quite the same for the two tests. It may be seen, however, that
the rise of pressure corresponding to the turbulent evaporation period was
more gradual for the run at lower stagnation pressure which infers that the
rate of evaporation was lower. This behavior is to be expected since the
Reynolds number was smaller for the low pressure run and, consequently, the
heat transfer coefficients were probably smaller. Although the stay time of
the droplets in the turbulent portion of the evaporation regime was higher
since the acceleration was smaller (Equation D15) and although the wall
friction effects were lower, these effects were apparently overshadowed by
the low rate of heat transfer.
In large scale aerothermopressors, where wall friction effects
become comparatively unimportant, the reverse effect may occur as the pressure
level is reduced. The evaporation sections may be sufficiently long to take
advantage of the evaporation during the laminar region of evaporation. As
the pressure level is reduced, the water content of the gas stream corres-
ponding to saturation at any given temperature is increased. The overall
performance of the large scale devices may therefore be superior at low
pressure levels. Time limitations prevented a more effective study of
pressure level effects in this work.
4. Variation of Performance with Initial Mach Number
In Figure 22 the effect of variation of initial mach number on
overall aerothermopressor performance is illustrated. The values of optimum
aerothermopressor performance coefficient (03 M 01) plotted in this
ol 1  opt
figure were obtained from the optimum points of the curve of Figure 20 and
similar plots for other values of the initial mach number. The highest
values of the initial mach number for each curve of Figure 22 correspond to
choked flow conditions. The corresponding values of the performance
coefficient are the values obtained when the shocks from supersonic to sub-
sonic flow were maintained far upstream in the evaporation section as was
consistent with steady operation (Section III A).
Fortunately, (since large scale aerothermopressors are envisioned as
high velocity devices) the performance of this small-scale aerothemopressor
was found to improve with increasing values of the initial mach number. In
Section III D it is shown that the fraction of water evaporated was increased
with initial mach number. Although detrimental liquid drag and wall friction
effects also increased with initial mach number, the evaporation rate was
controlling so that an increase in performance with initial mach number was
measured.
It should be noted that the stagnation pressure ratio for optimum
conditions ( ) actually decreased with initial mach number M1 . As the
0ol opt
scale of the aerothermopressor is increased, however, the wall friction forces
will be reduced, and the stagnation pressure ratio as well as the performance
coefficient will be increased with initial mach number. The maximum values
will probably then be obtained when gas-saturation limitations are met.
5. Comparison of Measured Performance Coefficient with Results of
High-Velocity Discontinuity Analysis.
The high-velocity discontinuity analysis of Appendix B permits the
theoretical computation of the aerothermopressor performance coefficient
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subject to the assumptions stated in Appendix B. Gavril (2) has carried out
such computation in which the stagnation pressure corresponding to that
entering the diffuser section p02 replaces the measured stagnation pressure
p0 3 in the definition of the performance coefficient. The stagnation
pressure p0 2 is defined arbitrarily as kv.O
The results of these calculations therefore do not account for the influence
of liquid in the actual diffusion process or the inefficiencies in the actual
diffuser process.
Two points taken from these calculations have been spotted on the
measured performance curves of Figure 22. The points correspond to the
following assumed conditions:
initial mach number M 0.50 0.751
initial stagnation temperature T0l, OR 1500 1500
initial injection rate C. 0 , lb water/lb air 0.25 0.25
friction factor, f .0037 .0037
wall friction term based upon distance to
L
section 2) f .127 .127
fraction evaporated, 0.80* 0.90*
0
As would be expected, the computed points lie considerably above the
corresponding experimental results. The principle reasons for the discrepancy
are the following:
a) The actual diffuser efficiency was undoubtedly considerably lower
*-xta-pltdvlebaeupntedtof---------------------------------
* Extrapolated values based upon the data of Section III D.
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than the assumed 100% value of the calculations.
b) There were errors in the assumed values of the fraction evaporated
and the wall friction term.
c) The actual flow was not one-dimensional as assumed in the theoretical
analysis.
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D. Measurements of Rates of Evaporation
1. Corrections for Initial Water Vapor Content
In section II C, it is shown that humidity probe I (Figure 8) was
generally more satisfactory in operation than probe II (Figure 9). Consequently,
for all humidity measurements at high temperatures only probe I was used.
Furthernore, since the inaccuracies caused by liquid water intake in the
sampling hole of probe I under very severe conditions were found to be small,
the measured values of the specific humidity taken with this probe under high
temperature conditions were assumed to be correct to within the accuracy of
other measurements.
The measured water vapor content of the sample stream was composed
of water vapor from the evaporation of the injected liquid plus the water
vapor present in the stream entering the aerothernopressor from the surrounding
atmosphere and from the combustion in the gas furnace. To obtain the so-
called "corrected" specific humidity--the water vapor content caused by
evaporation alone-it was therefore necessary to subtract the specific humi-
dity of the strean entering the aerothermopressor from the measured value of
the specific humidity.
The gas used in the gas burner was composed largely of methane, CH ,
which upon complete combustion yields 2.25 pound of water vapor for every
pound of fuel burned. For 100% efficient combustion to raise the air
temperature from atnosiheric to 1500'R, the water vapor formed in combustion
would thus amount to about .0257 lb water per lb air. On an operating day when
the outside atmospheric dew point was 400 F (specific humidity = 0.0052 lb
water per lb air), the specific humidity of the 15000R stagnation temperature
stream running with no water injection was actually measured at 0.031 lb water
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per lb air, which corresponds to the sum 0.0257 + 0.0052 = 0.0309 lb water per
lb air.
Therefore, during all tests, in which humidities were measured the
sum of the specific humidity corresponding to the outside dew point of the
outside atmosphere and the value of 0.0257 lb water per lb of air for
combustion was subtracted from the measured values. Most humidity tests
were run on warm rainy days when the outside dew point was about 60F
(specific humdity =0.011 lb water per lb air); the value 0.037 lb water per
lb air was therefore subtracted from the measured values to obtain the
corrected values of specific humidity resulting from the evaporation of the
injected water.
2. Humidity Variation Along Evaporation Section
a. Evaporation Rates Measured with Sampling Probe
To investigate experimentally the rate of evaporation of the
injected water, humidity measurements were taken along the evaporation section
for two different initial injection rates, W 00 0.15, and 0.25 lb water per
lb air, using nozzle no. 3 (Table 1)-for constant values of the initial
parameters: stagnation temperature Tl 1500 R, stagnation pressure p01
14.6 psia and Mach number M = 0.50. Measurements were taken at seven posi-
tions across the diameter of each cross-section corresponding to access ports
which were located respectively 4.5 in, 13.5 in, 40.5 in, and 67.5 in, from
the plane of injection.
The results of these traverse tests are shown in Figures 24 and 25 as
the profiles of the fraction of liquid evaporatedw- (corrected specific
0
humidity divided by the initial injection rate) at each cross-section. The
measurements at ports located 13.5, 40.5, and 67.5 inches from the plane of
injection were easily repeated, but the measured dew points at the port
located 4.5 in. from the plane of injection fluctuated markedly. This
fluctuation was undoubtedly caused by excess water impingement on the probe.
At this distance from the injection nozzle much of the water was probably
still in the form of long unsteady ligaments rather than small drops (7).
The values reported for this access port are those corresponding to the
lowest dew point temperatures measured and may be in considerable error.
The lack of symmetry of the profiles at the cross-sections nearest
the nozzle may be explained by the fact that, with nozzle no. 3, water was
injected at seven discrete points of the cross-section, and complete mixing
of the stream had not yet occurred at these cross-sections. The rise of
the profile near the tube walls at downstream cross-sectionSwas probably
caused by evaporation from the wetted walls of the tube. The shapes of the
profiles near the walls were extrapolated from the measured data, and for
the cross-section nearest the injection plane are probably subject to great
error.
The average fraction evaporated at each cross-section was computed by
graphical integration of the profiles of Figures 24 and 25, assuming that
these profiles were typical of the distribution across each diameter + 900
from that corresponding to the measurements and that the velocity across each
cross-section was constant. The average fraction evaporated was thus defined
as:
AVE
It is evident that errors in extrapolation of the profiles in Figure 24 and 25
and in the assumptions of the integration have an appreciable effect on the
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value of the average fraction evaporated which is computed.
The average fractions evaporated computed by this technique are
plotted as a function of the distance from the plane of injection in Figure 26.
The rate of evaporation indicated by these measurements is extremely high
during the first portion of the evaporation, the "turbulent" regime, and quite
low during the remaining portion of the evaporation, the "molecular or
laminar" regime.
The turbulent regime is characterized by large differences of
velocity between the gas and liquid drops; these velocity differences give
rise to large values of the heat transfer coefficients. This fact, together
with the large differences in temperature between the gas and liquid drops,
accounts for a high time rate of evaporation of the liquid. Since the
velocities of the drops are low, the stay times of the drops are high, which,
in combination with high time rates of heat transfer, makes for large
gradients of the fraction evaporated with distance from the plane of injection.
In the laminar regime, the effects are quite the opposite. The
liquid drops travel at velocities almost equal to the gas velocities, and the
heat transfer coefficients are correspondingly low. Since the temperature
of the gas has also been reduced, the resulting time rates of heat transfer
and evaporation are low. In addition, the high drop velocities make the stay
time of the drops low. As a result the gradients of the fraction evaporated
with distance are low in the laminar regime.
The curves of Figure 26 also show that for a given distance from
the plane of injection, the fraction evaporated is smaller for the larger
initial injection rate, although the actual specific humidity is larger. This
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behavior may be explained qualitatively by noting that the rate of evaporation
is approximately proportional to the number of droplets formed per unit time
and to the temperature difference between the gas and liquid,
w(w
where N is the number of drops per unit mass rate of flow of air. The rate
of change of the fraction evaporated may also be approximated by
Since the size of the droplets may be assumed practically independent
of the injection rate, the value of N is larger for the higher injection rate,
and, although the temperature of the gas will fall more rapidly in this case,
the rate of evaporation is controlled by N. Consequently the specific
humidity at any distance from the injection point is higher for the larger
injection rate.
On the other hand, the rate of change of the fraction evaporated is
proportional to the temperature difference since the term N is practically
0
independent of injection rate. Since the rate of evaporation and, consequently,
Are
the gas temperature decrease, ".e higher for the larger injection rate, the
rate of change of the fraction evaporated is smaller. Thus, at any particular
cross-section, the fraction evaporated is smaller for the larger initial
injection rate.
The foregoing approximate analysis is, of course, not valid when the
gas stream approaches a saturated condition.
b. Evaporation Rates Inferred from Static Pressure Data
As explained in Section III E, it is possible to infer the fraction
evaporated at any particular cross-section from the static pressure measured
at that cross-section providing the following assumptions are made:
i) The wall friction term f is evaluated from an assumed value of
the friction factor f.
ii) The velocity of the liquid is assumed equal to the velocity of the
gas.
iii) The flow is one-dimensional.
With these assumptions the results of calculations based on the high-velocity
discontinuity analysis (Appendix B) may then be used to predict the fraction
evaporated.
An effective friction factor f = 0.0040 (based upon the interpre-
tation of wall friction data of Section III E) was assumed to predict the
fraction evaporated from the static pressure data (Figure 31) corresponding
to those runs in which the vapor sampling probe was used (Figure 26). These
static pressure data in combination with the results of the computations
based upon the discontinuity analysis (Figure 32) penaitted the prediction
of the fraction tevaporated.
For comparison, the rate of evaporation predicted in this way from
the static pressure data ee- plotted on Figure 26 together with those rates
measured by direct sampling of the stream. The discrepancies between the
results of the two methods are large for that portion of the process which
occurs in the first three or four feet of the evaporation section and quite
small for the remainder of the process. This behavior is to be expected for
the following reasons:
i) The liquid was not uniformly distributed in the stream near the olane
.1se
of injection, andtsome liquid may have been taken in the sampling hole.
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ii) Errors in the extrapolations of the measured humidity data in
Figures24 and 25 may have resulted in appreciable errors in the
COew WD
prediction of the average values 4eenewthe cross-section from
these data.
iii) The assumptions in the analysis that the liquid velocity was equal
to the gas velocity and that the flow was one-dimensional were
most in error during the initial portions of the evaporation
processes.
iv) The assumed value of the effective wall friction factor was
probably in some error, and the method of averaging the wall friction
forces in the analysis (assumption 6 of Appendix B) may also have
introduced errors.
c. Results of Theoretical Analysis
Also plotted on Figure 26 is a curve resulting from a stepwise
numerical integration of the equations developed in the theoretical analysis
of droplet evaporation presented in Appendix D. The integration was carried
out for the following parameters:
initial stagnation temperature, Tol = 1500 R
initial stagnation pressure, p01  14.7 psia
initial mach number, M= 0.50
initial injection rate, 0 = 0.20 lb water/lb air
Fanning friction factor, f = 0.005
diameter of evaporation section, D = 2.125 in.
The point where the Reynolds number based upon the relative velocity,
Re ~(V - Vf) d Iydtrie
eF =/ f , reaches unity is indicated on the theoretically determined
curve.
At first sight, discrepancies between the computed curve and the
experimentally-determined curves appear quite large. Actuallyin view of
the assumptions made in the theoretical analysis and the sources of
empirical data utilized in the computation, the agreement is indeed encour-
aging. Of the assumptions discussed in Appendix D, those which probably
contribute most to the observed discrepancies are as follows:
i) The assumption that upon injection of the water into the gas
stream, a homogeneous distribution of the drops is formed instan-
taneously is far from actual fact. Plender (7) has observed that
ligaments of water are fonned as the water issues from the nozzles;
these ligaments are in turn broken up into small drops. A reason-
ably homogeneous distribution of the droplets is not formed until
the water has progressed a distance of the order of five or more
inches from the injection point. The surface-volume mean droplet
diameters which are predicted by the Nukiyama and Tanasawa (8) and
Plender (7) are not achieved until the water has traversed this
distance.
Since in the experiments under discussion, water was injected
at seven discrete points of the entrance cross-section, it is not
surprising to find that the experimental data indicate much larger
effective drop sizes during the turbulent portion of the evaporation.
ii) The assumption that heat and mass transfer coefficients can be
evaluated by extrapolating data taken from experiments in which the
relative velocities and temperature differences were of a smaller
order of magnitude may also account in part for the observed
discrepancies. The same statement may be made regarding the drag.
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iii) The assumptions that all drops once formed, are of the saae size at
any particular cross-section, and that no liquid impinges and
evaporates from the walls also contribute to the error.
3. Variation in Evaporation Rate with Initial Mach Number and
Initial Injection Rate
The fraction evaporated profiles of Figures 24 and 25 indicate that
the values measured at the center of the cross-section at the port located
67 1/2" from point of injection are very nearly equal the average fraction
evaporated taken over the entire cross-section. To facilitate the experimental
study of the effects of changes in evaporation rates caused by changes in
initial mach number and injection rate, measurements were taken only at the
center of the cross-section at this access port location.
For these experiments, the initial stagnation temperature T01 and
pressure p01 were held constant at 1500 R and 14.5 psia respectively. The
initial injection rate W 0 was varied from 0.10 to about 0.35 lb water per
lb air for constant values of the initial mach number M = 0.50 and 0.60.
The results of these experiments are plotted in Figure 27.
For constant values of initial mach number, the quantities of the
injected water which is evaporated increases, but the fraction of the injected
water which is evaporated decreases as the initial injection rate is increased.
This behavior is explained in the preceding section.
At a given injection rate, the amount evaporated is seen to increase
with increasing initial mach number. Since the distance traveled by each
droplet during the turbulent regime is comparatively small compared to the
total distance traveled for complete evaporation, this total distance may be
approximated by
L = Vt
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where t is the time necessary for complete evaporation. From Appendix D, the
heat transfer equation for the laminar regime, equation D1l, indicates that
t OV d2 ,
Of t he
Also from Appendix D, equation D16, it is seen that the diameterdrop is
inversely proportional to the gas velocity,
d -- 1 -
Combining these equations we have
L V ,
which indicates that the length of evaporation section for complete evaporation
is inversely proportional to the initial velocity.
Therefore, for a given position in the test section and for a fixed
initial injection rate, a higher fraction was measured for the larger initial
velocity or mach number.
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E. Experimental Evaluation of the Effective Wall Friction Factor
1. General Procedure
In order to interpret the experimental data obtained in these
small-scale experiments and in order to predict the perfomance of large-
scale aerothermopressors on the basis of these data, it was necessary to
evaluate the effective wall friction factor4. The presence in the stream
of liquid water which may impinge upon the walls, run along the walls, and
be torn from the walls by the gas stream, makes the application of ordinary
dry-wall friction data somewhat questionable. Since the analysis of these
effects separately is complex, an "effective" friction factor which really
lumps together all momentum effects at the walls has been used in the
interpretation of the experimental data.
The effective friction factor was evaluated from the results of
three sets of experiments:
i) Experiments with no liquid injection run at low and high temperatures
and at initial mach numbers corresponding to choked conditions at the
exit of the constant-area evaporation section.
ii) Experiments with liquid injection run at low temperatures with
initial mach numbers corresponding to choked conditions at the exit
of the constant-area evaporation section.
iii) Experiments with liquid injection and evaporation run at high
temperatures and with simultaneous measurements of pressure
variation and humidity variation along the length of the evaporation
section.
The effective wall friction factor was then predicted by comparing
the results of these experiments with computations made on the basis of the
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high-velocity discontinuity analysis (Appendix B) and, for the runs with no
liquid injection, with the properties of the Fanno line (9).
2. Hot Dry Runs
In Figure 28, the variation of the initial mach number at choked
flow mlc with the wall friction term f g for no liquid injection and for an
initial stagnation temperature T0 1 = 15000 R is plotted. The values
corresponding to the Fanno line do not agree exactly with the values predicted
by the high-velocity discontinuity analysis because, in the former, the
variation of the wall friction along the constant-area section is computed
by exact methods, while in the latter, this variation is averaged along the
length of the test section. (See assumption 6 of Appendix B.) The value of
the initial mach number observed experimentally in tests corresponding to
these conditions is shown (Mlc = 0.598). This same value, within + 0.3%
was observed for tests at inlet stagnation pressure of 10.9 and 14.8 psia.
3. Cold Dry and Wet Runs
In Figures 29 and 30 are plotted the results of tests at the low
initial stagnation temperature T of 520 R with and without liquid injection.
In Figure 29, the initial mach number corresponding to choked flow MlC as
measured in tests and as predicted by the high-velocity discontinuity analysis
is plotted as a function of the initial injection rate W 0. The experimental
results of Figure 29 indicate that the value of the wall friction term f L
corresponding to the test with no liquid injection is about 0.11, while that
corresponding to tests with liquid injection is about 0.12, based upon
discontinuity analysis.
In Figure 30 the ratio of the measured static pressure at the choked
point to the initial stagnation pressure 2c is plotted as a function of the
01l
initial injection rate W 0. Since no pressure tap existed at the end of the
constant-area section, the static pressure at the choked section was actually
obtained by extrapolating the measured pressures along the length of the
section. The mach nuaber data of Figure 29 are therefore probably somewhat
more reliable than the pressure data of Figure 30, although there is good
agreement between the two.
4. Hot Wet Runs
As discussed in Section III D, the curves of Figure 26 show the
variations in the measured rate of evaporation with length which were
obtained with the vapor sampling probe I (Figure 8) and the humidity
measuring apparatus (Figure 10). In Figure 31 are plotted the static
pressure variations with distance from the plane of injection which were
measured for the same initial conditions as those corresponding to the curves
of Figure 26.
The equations resulting from the high-velocity discontinuity analysis
of Appendix B permit the prediction of the effective wall friction factor from
these measured pressure and humidity data. Gavril (2) has computed the
variation in the ratio of static pressure to initial stagnation pressure P
ol
as a function of the fraction of water evaporated for various values
LW0
of the wall friction term f p A ortion of these computed results which
apply to the values of the initial parameters used in the tests represented
by the curves of Figures 26 and 31 are plotted in Figure 32.
By entering the charts of Figure 32 with values of the measured
static pressure from Figure 31 and the corresponding fraction evaporated from
LFigure 26, it is possible to estimate the effective wVall friction term f LD
and consequently the effective friction factor f. The values of the friction
factor f computed in this way are very high if the measured data are taken at
distances quite close to the plane of injection. The predicted values are
smaller for the data taken at larger distances from the plane of injection.
This discrepancy is expected for two reasons--i) the humidity measurements are
probably more reliable at the greater distances, and ii) in the high-velocity
discontinuity analysis, the velocity of the liquid is assumed to be equal to
the velocity of the gas and the flow is assumed to be one-dimensional.
5. Tabulation of Friction data
A tabulation of the pertinent friction data obtained by the methods
described in the preceding sections follows:
Analysis of Experimental Wall Friction Data
(Diameter of evaporation section D = 2 1/8 inches)
Initial Stagnation Temperature, T01 , OR
Initial stagnation pressure, p01 , psia
Initial injection rate, ')0, lb water/lb air
Initial mach number, Mi 1
Distance from plane of injection, L, inches
Observed wall friction term for discontinuity analysis, f D
LObserved wall friction term for Fanno line, fk
Effective wall friction factor from discontinuity analysis, f
Effective wall friction factor from Fanno line, f
Initial Reynolds number of gas flow, Re1
Predicted friction factor from f = 0.046 (Re 1)
-0
.
2
1500
14.8
'0
.597
73 i
.116
.131
.00337
.00381
174,500
.00410
1500
10.9
0
.597
73 1
.116
.131
.00337
.00381
128,300
.00438
520
14.7
0
.595
73 1
.110
.128
.00319
.00371
605,000
.00320
520
14.7
.30
0.45 to
0.53
73
.120
.00348
502,000
.0332
1500
14.6
.15
.50
.0
1500
14.6
.25
.50
65 65
.122 .140
0398 .00457
154,00
.00425
154,000
.00425
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The effective friction factor predicted by the discontinuity
analysis is seen to differ from that predicted by the Fanno line data by as
much as 20% for the runs without liquid injection. A similar error might
be expected in the prediction of the friction factor for the runs with liquid
injection when the discontinuity analysis is used.
On the basis of the dry run data, the effective friction factor is
seen to be somewhat less dependent upon the Reynolds number than the usual
experimental correlations indicate (f = 0.046 Re-0 .2 , for example). The
injection of liquid on the other hand, has an appreciable effect. For the
cold runs, the injection of liquid increased the friction factor by about 10%.
For the hot runs, this effect was apparently somewhat stronger although the
interpretation of the data taken from hot runs with evaporation introduces
some errors. In particular, the value of f = 0.00457 predicted for one of the
hot runs is somewhat high compared to the other data.
For the purposes of the extrapolation of the small-scale performance
data to larger-scale aerothermopressors, an effective friction factor
f = 0.0040 will be used. This value appears to be a conservative estimate
and reasonably well-applicable to the range of hot runs with evaporation which
were made.
IV Summary of Results and Conclusions
A. Summary of Results of Tests of the Small Scale Aerothermopressor
1. General Effects of Liquid Injection into a Gas Stream
The theoretical analysis of the aerothermopressor process presented
in Appendix A permits a qualitative interpretation of the effects of liquid
drag, liquid evaporation, and wall friction from the measured static pressure
distribution along the constant-area evaporation section.
For tests at low initial stagnation temperatures, in which little or
no liquid was evaporated, the drag due to liquid acceleration and wall friction
caused large decreases in static pressure and correspondingly large increases
in mach number along the test section (Figure 17). These effects increased
with increased liquid injection rates.
For tests at high initial stagnation temperatures, in which appre-
ciable quantities of liquid were evaporated, the overall aerothermopressor
process at subsonic mach numbers could be separated qualitatively into three
sub-processes: (i) just after injection of liquid, the liquid drag and wall
friction effects were predominate over the evaporation effects and consequently
there were large decreases in pressure and large increases in mach number;
(ii) at a certain point in the process the evaporation effects became pre-
dominate and there were corresponding increases static pressure and decreases
in mach number; and (iii) after the liquid had been accelerated to velocities
approximately equal to the gas velocities and the gas temperature had decreased,
the wall friction effects became predominate over the evaporation effects and
occursed
there again.,decreases in pressure and increases in mach number (Figuretl7, 18
and 19).
For high values of the initial mach number, a mach number of unity
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was reached at a point in the evaporation section where the evaporation
effects became predominate over liquid drag and wall friction effects. The
flow was choked at this condition and no further increases in initial mach
number could be achieved. The flow downstream of this critical point
. Ae oithkRp S-4so-W crap became supersonic with shock to subsonic flow d a
pas (+1 00
A depending upon the back pressure at the exit of diffuser (Figure 19). In the
supersonic portion of the flow, the individual effects of liquid drag, liquid
evaporation, and wall friction on the static pressure and mach number were
exactly opposite to the corresponding effects in subsonic flow.
2. Effects of Design of Water Injection Nozzles on Performance
The overall performance of the aerothermopressor was measured by the
value of the normalized overall rise in the stagnation pressure (3 M 01-
p01 N1
It was found that the performance at any given set of values of the initial
parameters was very much dependent upon the injection nozzle design. Nozzles
which gave good distribution of liquid in the gas stream over a wide range of
liquid injection rates were found to be the most effective (Figure 21 and
Table 1).
Nozzle No. 3 (Table 1) which consisted of a seven axial injection
tubes, one in the center and six symmetrically disposed in a circle of 5/8 inch
radius, gave the most satisfactory overall performance.
3. Effects of Variation in Initial Parameters on Overall Performance
at High Initial Stagnation Temperatures
a) Initial Injection Rate
At any given set of initial conditions, the overall performance was
first increased as water was injected, reached a maximum and then decreased as
the water injection rate was increased above the optimum value (Figure 20).
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The decrease in performance at higher injection rates occurred because the
added drag losses due to water injection were not compensated for by added
evaporation gains, since the gas approached saturation temperature conditions.
b) Initial Stagnation Temperature
The optimum performance of the aerothermopressor was improved as
the initial stagnation temperature was increased (Figure 22). This effect
was caused by the larger rates of evaporation at the higher temperatures.
c) Initial Stagnation Pressure
In the small-scale apparatus under test, the overall performance
was reduced as the pressure level was decreased (Figure 22). Although the
detrimental wall friction effects were low at lower pressure levels due to
the lower density level, the decreased rate of evaporation due to the lower
values of Reynolds number during the turbulent evaporation period apparently
was controlling. The reverse effect with change in pressure level may occur
in large scale aerothermopressors. In the large scale devices where wall
friction effects are unimportant, longer evaporation sections which take
advantage of the evaporation during the laminar period of evaporation may be
possible. Since, as the pressure level is reduced, the water content of the
gas stream corresponding to saturation at any given temperature is increased,
the performance of large-scale aerothernopressors may improve if the pressure
level is lowered.
d) Initial Mach Number
The overall performance of the aerothermopressor increased as the
initial mach number was increased and reached a maximum at choked flow conditions
(Figure 22). Since large-scale aerothermopressors will be high-velocity
devices, this trend is encouraging.
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The best values of the overall performance achieved at an initial
stagnation pressure of about one atmosphere were as follows:
initial stagnation initial mach optimum performance
temperature T 0  R number M (03 - 01)
_ _01 opt
1200 0.777 -0.228
1500 0.780 -0.158
1800 0.785 -0.126
The valuesof the performance coefficients predicted by the high-
velocity discontinuity analysis of Appendix B for a perfect diffuser are
shown on Figure 22. The discrepancy between the computed and measured values
indicatesy that the diffuser was quite inefficient.
4. Measurements of the Effective Wall Friction Forces
The effective wall friction forces were measured for choked flow runs
with no water injection at low and high temperature levels by comparison of
the measured mach number and pressure ratios with Fanno curve data and the
results of the high-velocity discontinuity analysis of Appendix B, (Figures
28, 29 and 30). The values of the Fanning friction factors obtained were in
reasonable agreement with those predicted on the basis of usual prediction
equation although the dependence upon Reynolds number appeared to be somewhat
lower than would be predicted.
For tests with liquid injection at both low and high temperatures, the
effective friction factor was found to be greater than that for the equivalent
dry runs by about 10%. On this basis the Fanning friction factor value
corresponding to most of the high temperature tests with liquid injection was
taken to be f = 0.0040 for the purposes of extrapolation of small-scale test
results to large scale aerothermopressors.
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5. Measurement of Evaporation Rate
The vapor saMpling probe no. 1 (Figure 8) was effective in removing
samples of the vapor from the liquid-vapor stream in the aerothermopressor.
With this probe, traverses of the stream at various cross-sections were
made (Figures 24 and 25). These traverses indicated that good mixing of the
liquid vapor mixture was probably not achieved until a distance of about
thirty inches from the point of injection.
The variation of frction of liquid evaporated along the test section
was measured and compared with the results of a numerical integration of the
controlling equations of the drop evaporation analysis of Appendix D
(Figure 26). In view of the many assumptions made in the theoretical analysis,
the agreement between theory and experiment appears quite good. Comparison of
the measured and theoretical results indicates that the liquid droplets were
formed by successive break-up with smaller and smaller particles as they
progressed down the evaporation section. The effective drop size in the overall
process was apparently smaller than that predicted by the usual equation of
Nukiyama and Tanasawa (8).
The measured rate of evaporation also indicated that very little
evaporation occurred in the last three feet of evaporation section. For this
small scale aerothermopressor, the performance would probably, therefore, be
improved if the length of the constant-area section were reduced. In larger
scale apparatus this would not be the case since the wall friction effects would
be very small, and the low evaporation rates during the laminar portion of
the evaporation regime might therefore produce appreciable increases in stagna-
tion pressure. The fraction of the initial injection rate which was evaporated
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decreased with increasing injection rate, but the total amount of water
evaporated increased with initial injection rate over the range tested
(Figures 26 and 27).
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B. Extrapolation of Small Scale Test Results to Large Scale
Aerothermopressor Processes
The direct mathematical integration of the controlling differential
equations for the aerothermopressor process is impossible since the equations
are so complex. It is possible to extrapolate the performance measuredfor'
the small-scale aerothermopressor in an approximate manner by making use of
the differential equation for the rise in the stagnation pressure developed
in Appendix A-which may be written in the form
dp0
dY - 2 f k -
pM D
when the single term dY represents the total effect of all the terms which
account for the liquid injection, acceleration, and evaporation. Since
neither the stagnation pressure p0 nor the mach number M changes greatly in
the course of the evaporation process at subsonic speeds, this equation may be
integrated to the approximate form
p M 2 =o Y - 2f k L
p01 1
Making use of the approximate integrated equation, the results
obtained by experiment on the small-scale aerothermopressor may be extrapolated
to predict the performance of larger-scale subsonic aerothermopressors. The
experimental values for the performance coefficient 03 - Pol
coeffiient M1 2 , the friction
L 0factor f, and the length-diameter ratio 5 may be used to compute the value Y.
With this value of Y, values of performance coefficient corresponding to larger
L
scale aerothermopressors(smaller values of ) may be estimated for fixed values
of the initial parameters corresponding to the small scale tests. For the best
experimental results corresponding to Figure 22, the following parameters apply:
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initial stagnation temperature T01 OR 1200 1500 1800
initial mach number M 0.777 0.780 0.783
initial stagnation pressure p01 atm 1.0 1.0 1.0
mass rate of flow of air w lb/sec 0.755 0.677 0.612
estimated friction factor f 0.0040 0.0040 0.0040
specific heat ratio k 1.35 1.35 1.35
length to diameter ratio L 34.5 34.5 34.5ID
optimum injection rate W 0 lb water/lb air 0.17 0.24 0.31
P03 - P01
optimum performance ( M opt -0.229 -0.159 -0.127
01 m12 'opt
Y (computed) 0.145 0.215 0.247
Making use of the computed values of the parameter Y, the stagnation
pressure ratio corresponding to smaller values of the length-diameter
p01
ratio may be predicted for the same values of the initial parameters used in
the test work. The results of such computations are shown in Figure 33 for
assumed values of k = 1.35 and f = 0.0040. These results show that appreciable
stagnation pressure ratios may be achieved in large-scale aerothermopressors.
The extrapolation is conservative since the following improvements
in large scale devices over and above the reduction in the length-diameter
ratio should be achieved:
a) The friction factor f should be lower since the Reynolds number will
be higher and there will be less impingement of water on the walls.
b) The diffuser efficiency will probably be improved. Studies are now
under way to determine the optimum design parameters of a diffuser
which takes advantage of the momentum effects of any liquid water
which enters.
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c) The determination of optimum evaporation section length and the
variation of cross-sectional area with length of this section (see
Section IV C) will provide improvements in performance.
d) The optimum values of the injection rate should be higher in the
large-scale aerothermopressors which should result in higher values
of the parameter Y.
Considerable improvements in the performance of a simple gas turbine
through the use of an aerothermopressor may be predicted even on the basis of
the conservative extrapolation to larger scale shown in Figure 33. Consider a
simple air-standard cycle gas turbine plant with the following characteristics:
temperature of air entering compressor = 70F
temperature of gas entering turbine = 1500F
pressure ratio across compressor = 4.0
efficiency of compressor = 85%
efficiency of turbine = 85%
mass rate of flow of air = 23.1 lb/sec
The net power output of this plant without an aerothermopressor would be 2000 hp
with a thermal efficiency 20.75%.
If an aerothermopressor of about the same length as the small-scale
experimental device were applied to this plant, the corresponding operating
point may be found by trial and error on Figure 33. The aerothermopressor
would operate with an inlet stagnation temperature of 1440 R and an inlet mach
number of about 0.78. It would have a diameter of 12.6 inches, and it would
produce a stagnation pressure ratio of 1.085. The water flow required for
this application would be about 1.1 gallons per minute. If the expansion
turbine were modified to expand to the corresponding lower exhaust pressure
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with no change in expansion efficiency, the net power output and the thermal
efficiency of the plant would be increased by 10.47% above the values for
the plant without the aerothermopressor.
This percentage improvement would increase with the size of the plant
because the scale of the aerothermopressor would increase. Since the
extrapolation above is quite conservative, it may be assumed that with
suitable development of large scale aerothermopressors, far greater improve-
ments in performance of gas turbine plants may be achieved.
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C. Some Comments on the Design of a Large-Scale Aerothermopressor
From the results of the experimental work on the snall-scale,
constant-area aerothermopressor, it appears advisable to construct and test
a large-scale apparatus. At the present time, plans are being made to
construct such a large scale unit at the Gas Turbine Laboratory of M.I.T.,
utilizing air from the large compressor now under construction for the new
Ram Jet Test Facility of the Chemical Engineering Department. This
compressor will be capable of delivering a mass flow rate of air of 45 pounds
per second, which corresponds to a subsonic aerothermopressor of about twelve
or thirteen inches in diameter.
It is apparent from the small-scale experimental work that the best
design of water injection nozzles for the large-scale rig will probably be of
the multi-axial injection type arranged in some form of grid at the entrance
of the evaporation section of the aerothermopressor.
It is also apparent from the experimental work that the optimum
length of the evaporation section of the large-scale device will probably be
larger than the small-scale evaporation section since smaller wall friction
effects will permit better utilization of the beneficial evaporation effects
in the laminar evaporation regime. The calculation based upon a drop history
analysis, similar to that of Appendix D now being processed by Gavril (2) will
be valuable in the prediction of the optimum length of evaporation section of
the large-scale apparatus.
In addition, the results of these calculations will be helpful in
the prediction of the manner in which the cross-sectional area of the
evaporation section should be varied with length. For simplicity of manufacture,
experiment, and theoretical interpretation of the experimental data, the small-
scale aerothermopressor was constructed with a constant area section, but
theoretical considerations suggest that better performance will probably
result from evaporation in a section whose Cross-sectional area varies with
length.
An approximate analysis has been developed which suggests that the
optimum performance of the aerothermopressor may be achieved when the cross-
sectional area of the evaporation section is varied in such a manner as to
achieve a constant value of mach number for the flow. This prediction is to
be expected since the influence coefficients developed in Appendix A for the
dp0  dp0
change in stagnation pressure 
- show that - increases with the square
2 0
of the local mach number M If the mach number is maintained at a uniformly
high value, the rise in stagnation pressure should thus be an optimum for
that mach number level.
The approximate analysis is a discontinuity analysis exact only for
very low velocities; it is presented in Appendix D. To predict the optimum
design conditions from the analysis, the assumption is made that the cross-
sectional area variation with length is such that the pressure-area variation
is given by the relation
-CAmdA
where
and m is constant for any process under consideration. Approximate expressions
for the normalized rise in stagnation pressure 202 are developed where
pl1 M
the mach number MM is made equal to the larger of either the initial mach
number M 1 or the final mach number M2 , depending upon the value of ratio of the
initial area to the final area of the evaporation section A . Since the
2
successful design of various components of the aerothermopressor, such as the
diffuser, becomes more difficult at high values of mach number, the use of
the maximum mach number MM as defined above provides a better basis for
comparison of performance than the use of either M or M2 individually.
Computations of the performance predicted on the basis of this
analysis have been carried out over a wide range of values of the area ratio
and the constant m for a fixed initial state corresponding to an initialA
2
stagnation temperature T l = 1500 R, initial mach number M 1 = 0.50, and an
initial injection rate W>0 = 0.175 lb water per lb air. The results of these
computations are plotted in Figure 34.
The optimum performance occurs at an area ratio corresponding to a
M
mach number ratio = 1.0, for any particular value of the constant m.
2
In the range of area ratios most likely of interest in aerothermopressor
Al
design, say from = 1.0 to 1.5, the influence of differences in the value
A2
of m is small. It may, therefore, be concluded on the basis of this
approximate analysis that the optimum design of an aerothermopressor evaporation
section will be one in which the mach number is maintained at a reasonably high
constant value.
D. Additional Remarks on a Future Program
The results of the small-scale experimental work have been
sufficiently enocuraging to warrant the construction of a large-scale aero-
thermopressor as noted in Section IV C. The experimental work has also made
obvious the need for the following additional investigations:
1. The possibilities of the small-scale aerothenmopressor test rig have
by no means been exhausted by this work. Experiments with this device will
be continued in which the constant area evaporation section is shortened and
in which diffusers of varying geometry are tested.
In particular, further study of the phenomena associated with
transition from subsonic to supersonic flow in a constant-area evaporation
section will be made. Since the performance of the aerothermopressor is
inherently superior at high velocities, this hitherto unobserved transition
may be the key to successful design of large-scale aerothermopressors which
operate in both the subsonic and supersonic regimes.
2. The overall perfonance of the aerothermopressor depends to a large
extent upon the efficiency of the diffuser at the end of the evaporation
section. The presence of liquid water droplets in the gas stream and the
presence of liquid on the diffuser walls both suggest that normal empirical
methods of diffuser design may necessarily require modification for this
application. A theoretical and experimental program to study these effects is
now under way under the overall aerothermopressor project.
3. The apparent success of the vapor sampling probes used in the small
scale experimental work justifies continuation of the development of these
probes. Time limitations prevented a complete exploitation of the possibilities
of these probes for the study of the evaporation rates and for the possible
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study of stagnation temperature distribution in the aerothermopressor.
In particular, vapor-sampling probes of smaller size which are -capable of
removing samples nearer the tube walls and which produce smaller disturbances
in the flow would be desirable. More complete surveys over the cross-
sections near the plane of injection would be desirable.
The development of probes which satisfactorily measure the
distribution of the liquid droplets in the gas stream and the development of
total pressure probes for use with liquid-vapor mixtures are now under way.
These three types of instrumentation when perfected will be invaluable in
studying the details of the complex aerothermopressor process.
4. Theoretical studies will be continued to provide better means for
interpreting experimental data and for extrapolation of these data to optimum
designs of large scale aerothermopressors. With the experimental data from
this work and with the results of the computations now being carried out by
Gavril (2) in hand, it may be possible to develop a simplified approximate
analysis of the aerothermopressor process which will adequately predict changes
in performance which may be expected with changes in initial parameters,
area
evaporation-section *nd variation, etc.
Appendix A
Derivation of Influence Coefficients for Adiabatic, Constant-Area Liquid-
Evaporation Processes
An analysis of the flow of a compressible fluid into which liquid
is evaporating in the presence of wall friction effects has been made by
Shapiro and Hawthorne (1). The resulting equations for the flow are presented
in the form of influence coefficient tables--the influence coefficient
corresponding to any one dependent and one independent variable being defined
as the value of the partial derivative of the dependent variable with respect
to the independent variable.
In the work of Reference 1, the assumptions are made that the liquid
is injected continuously along the length of the evaporation section and that
this liquid is accelerated to the gas velocity and evaporated immediately upon
injection. In the aerothermopressor, however, liquid is injected at only a
few discrete cross-sections of the evaporation section, and evaporation occurs
while the liquid is entrained in the gas stream. The purpose of this section
is to determine the influence coefficients for a flow in which all liquid is
injected at one cross-section and in which evaporation takes place from the
liquid drops entrained in the gas stream.
The following assumptions are made:
1. The flow is one-dimensional, steady, and adiabatic with
respect to the surroundings.
2. The change in temperature of the liquid is negligible; the
volume of the liquid is negligible.
3. In evaluating stagnation state properties, the difference
between the stagnation and static temperatureSof the liquid
will be neglected, and the specific humidity of the
stagnation state will be assumed identical to that of the
corresponding static state.
4. The gas and vapor (products of combustion and water vapor
in the aerothermopressor) obey the perfect gas and Gibbs-
Dalton rules. As will be seen, the assumption of constant
specific heat of each constituent gas with respect to
temperature is necessary only to evaluate changes in
stagnation temperature and stagnation pressure.
5. The gas(or products of combustion)has the properties of air,
denoted by the subscript a. The evaporated vapor is water
vapor, denoted by the subscript s.
The stagnation temperature and pressure will be defined as that
temperature and pressure respectively which the stream would attain if it were
decelerated reversibly and adiabatically to negligible velocity--with no
additional evaporation of liquid. It should be noted that in an actual
adiabatic diffusion process of a liquid-vapor mixture, some evaporation will
normally occur, so that the measured stagnation pressure will differ from the
value obtained from the preceding definition through evaporation effects as
well as through irreversibility effects.
The steady flow energy equation written for the ideal diffusion
process deicribed above becomes
Introducing the average specific heat C , defined by
TT 0-T
+4e r-A+/o of liqwucf veIocAtq t
gas velocity,
.. ....*a A 3
and the definition of Mach numberj 
-
2. VM F A 4
we obtain the value of the stagnation temperature,
T k k-i w. . -" C* -
T 4k 2- MI+" i+w c T
The Second Law of Thermodynamics applied to the ideal diffusion
process yields
or through the Gibbs-Dalton rule,
(s.-3) +"' (Sg .- A)*-
The entropy change for the gas and vapor may be taken as
s.s......................A8
where the average specific heat C.o is defined by
4P XJ .............A9
T.A
Assuming the change in volume of the liquid is negligible, we may write
A A %t .. 00aA 10
Combining equations A7, A8, and A10 we obtain the following expression for
the stagnation pressure
--0oo To k-\
---.0-
..1 T
A
~Cv
TA&
---As-
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The specific heat variations with temperature and the unknown liquid
temperature ratio, --- , make equations A5 and All too complex for manipu-
lation to obtain the influence coefficients corresponding to the stagnation
temperature and stagnation pressure. It is probable that there is little
loss in physical interpretation if, as noted in the preceding list of
assumptions, the variation of specific heat with temperature is neglected
and the change in liquid temperature is neglected. With these simplifica-
tions equations A5 and All reduce to the following forms:
'To k-1 1+ **e 7t. .. n
r I+.wI
We may now derive the influence coefficient equations for the flow under
consideration. The steady flow energy equation applied the infinitesmal
control surface shown in Figure 35b may be written in the form
The Gibbs-Dalton rule permits the use of the relation,
&& +- ~g*(Cp,+Nc.&,) A.T |+w) c > -- a
Combining the definitions of liquid-gas velocity ratio, equation A3, and of
Mach number, equation A4, with equations A14 and A15, we have
dir As-AA dU %.AV%' Aw w,. -I) ctVi
The linear momentum equation to the infinitesmal control surface may be
written in the form,
~A4I-trD~L i ! ) 4P~'Pt)~ I'~ S4] A10A
ft'V' A i
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Introducing the definition of the Fanning friction factor,
V
f i -r , --- A 16
the semi-perfect gas equation of state,
~,*R SL,4 T *.*AIP
the continuity equation,
Ar I+w)=. OVA , .... AZO
and the definition of liquid-gas velocity ratio, equation A3, and the
definition of Mach number, equation A4, into equation A17, we have
j~ H2 AL. IP1 2.(.)&w #Z(Lot 1A
The semi-perfect or perfect gas equation of state, A19, may be
written in the differential form
and the continuity equation A20 may also be written in the differential form
a~, le4 N A ?.3
Itu V 1 yp
Equations A22 and A23 may be combined to eliminate the density terms giving
4700s ANN.-M A 1.4
p 1 t- -V V'
Considering the independent variables to be
Ig A(Vi 1  
l.+w """' and W J , equations Al6, A21, and A24 may be
jfdT dV 2
combined to find expressions for the dependent variables , , and - .
The results of this manipulation are represented by the first three horizontal
rows of influence coefficients in Table 2.
Expressions for the influence coefficients for the remaining
2 dTo dp0independent variables of Table 2, M7 , , and - , may be found by
making use of the following differential forms of equations A4, A12, and A13:
AM' AV a AW .K _ r -r
-e the parameter is defined as
K" ....
It ~ ~ I. isncsaymrl to obn eqa insA25, A2+n 27wt* h qain
Diferetiain tedfntoof y, eAtionX 4,L A3 weZav
+ , ~ - -----
__~i I'~+ A A'
where the parameter P(is defined as
It is necessary merely to combine equations A25,, A26 and A27 with the equations
represented by the first three lines of Table 2 to obtain the equations
represented by the last three lines of influence coefficients.
An interesting special case of the flow is that in which the
liquid velocity is assumed to be constrained to vary such that the liquid to
gas velocity ratio, y, is considered an independent parb~meter in place of V.
Differentiating the definition of y. equation A3, we have
The table of influence coefficients for this special case may be obtained by
substituting from equation A29 into the independent parameters of Table 2 or
the controlling equations A16, A21, A26 and A27 may be written as follows:
Soluton of eqaions A30, A31 A32 and A33 1% in cobntinwt
Ta 2. 2.,31
fAte for the case [ 7 whret eqie loit i al wy equa to the g a
AN 4,~ VX
velcit ( ~ y = =, dy=0.Teinlec oficinsfo hspca
1+.' 4.L W oo, 4-P K AI
KMH.. 1W
Solution of equations A30, A31 A32 and A33 in combination with
equations A24 and A25 yields the influence coefficients for this special
case as represented in Table 3 in which the independent parameters [I& A & .
and co j W (1 replace the independent parameter 1 '00W VA.] of
Table 2.
The influence coefficients of Table 3 may be specialized still
farther for the case where the liquid velocity is always equal to the gas
velocity ( y - A, 1, dy = 0). The influence coefficients for this special
case are presented in Table 4.
The special constraints imposed upon the flow represented in Tables 3
and 4 are not of physical importance since the liquid velocity will vary
physically in other ways. The critical or choking mach numbers for the
aerotheruiopressor process may therefore be inferred from the influence
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coefficients of Table 2. The value of the critical mach number is unity
since the denominators of the influence coefficients approach zero as the
local mach number approaches unity.
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Appendix B
Discontinuity Analysis of a High-Velocity, Adiabatic, Constant-Area Liquid
Evaporation Process
If certain assumptions are made relative to the variation of wall
friction along the length of the evaporation section, it is possible to write
equations relating to the properties of the stream at any cross-section to
the properties of the stream at the cross-section at which the liquid is
injected. These equations are useful in interpreting the experimental data
taken in the aerothermopressor experiments.
The following assumptions will be made for this so-called
"discontinuity" analysis:
1. The flow is one-dimensional, steady, and adiabatic with respect to
the surroundings.
2. The cross-sectional area of the evaporation section is constant.
3. The injection velocity of the liquid may be neglected, and the liquid
velocity at any cross-section downstream from the injection point
is equal to the gas velocity at that section.
4. The liquid temperature is constant, and the volume of the liquid is
negligible.
5. The gas, assumed to be air and denoted by the subscript a, and the
evaporated vapor, assumed to be water vapor and denoted by the
subscript s, obey the semi-perfect gas and Gibbs-Dalton rules. The
specific heats of each constituent gas are assumed to vary linearly
with temperature so that arithmetic average values may be used.
6. The Fanning friction factor is assumed constant. The wall shear
stress at any cross-section is evaluated in terms of the properties
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of the gas phase alone at that cross section. To evaluate the
integrated value of the wall friction the product kpM 2 assumed to
vary linearly with the length of the test section (Equa. B12).
Consider the flow enclosed by the control surface indicated in
Figure 35a. The steady flow energy equation applied to the flow through this
control surface may be written for each unit mass of air entering in the form
ud+ .oAAi +ii Lwvk L + (00 -got-)AA 3.(1+ WO).
Noting that the liquid temperature is assumed to be constant, and introducing
the average specific heats given by
Artn -Je SAr Con, (rT.- i)
equation Bl becomes
Defining an average specific heat for the mixture as
0CIaA + W1. CIst
Cp. - -- --.W.--- --- 84
and introducing the definition of mach number and the local velocity of sound,
equation B3 becomes
rL I W Pcs
I CPOL I+WkW3
The linear momentum equation when applied to the control surface of
Figure 35a yields
1 1
Introducing the definition of the Fanning friction factor for the gaseous
phase alone,
2.7)
the equation of state,
, - r .. 8
W >
and the continuity equation,
together with the definition of mach number, equation B5, the linear
momentum equation B7 becomes
t. L KL Mi
The assumption is now made that f is constant and that the integral may be
approximated by a linear variation of KpM2 with length, thus
Introducing B12 into Bll and rearranging, we have
The continuity equation B10, written for the cross-sections 1 and 2 yields
L~
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while the equation of state B9 written for the same cross-section yields
rL A
- .. . -.. .. gfr
C nn a W1
Combining equations Bl4 and B15 to eliminate the density ratio we have
it. rLW L(14I
fps WSa,Va.
Combining equations B35, B13 and B16, to eliminate the pressure ratio, we
have
U ?'Wt. T,
Combining equations B6 and B17 to eliminate the temperature ratio,
and noting that
where Kl2 is defined by
Wa g-1 .4*)-I V4 KrseL'-
we have the following equation for the final mach number M9:
A Lr,
.......
where 2.
The final mach number M2 may thus be evaluated from equations B18 and B19 for
any given set of initial conditions as a function of the final specific humidity
2 and the wall friction term f . The temperature ratio may then be2 DT
computed from equation B6, and the pressure ratio - from equations B5
p2.
and B13.
Gavril (2) has carried out the computation of the value of M2
and other property ratios for a series of assumed values of the initial condi-
tions and for various values the final specific humidity W 2 and the wall
Lfriction term f . A portion of Gavril's results are presented in
Figures 32, 36 and 37 which are used to interpret the experimental data.
It is interesting to note that it is possible to predict the values
corresponding to critical or choking conditions from equation B18. No solution
for M2 exists when the value of the term under the second square root sign on
the right side of equation B18 is negative. The critical or choking condition
is thus obtained when this term equals zero, or
The corresponding value of the critical final mach number M2c is obtained by
combining equations B18 and B20, thus
KL Maxt J+Wo L 2
The critical or choking mach number predicted by this analysis is not unity
because of the special restrictions imposed by assumptions 3 and 6. (See
Tables 3 and 4 and Appendix A.)
A relation between the initial mach number Mlc and the injection rate
0 corresponding to this choked condition is obtained by comgining equations
B19 and B20. This combination yields
L) +i::
&O (Y1 L
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where
7 -- (ie.) -.- e .. 2WX Wa cyIL.T,
Equation 22 establishes the value of the limiting initial mach
number M for each initial injection rate 4 as a function of the
remaining initial conditions, the final specific humidity W 2, and the
wall friction term f .
Appendix C
Discontinuity Analysis of a Low-Velocity, Adiabatic Liquid Lvaporation Process
1. Constant Area Process with Variable Evaporation
The discontinuity analysis of a constant-area, adiabatic liquid
evaporation process for high velocity levels has been presented in Appendix B.
The resulting equations are so complex that they require laborious computa-
tion procedures for solution. When the velocities involved in the process
are comparatively low, certain simplifying assumptions may be made which
result in equations which are far more easily solved. The purpose of this
section is to derive these "low-velocity" equations and to compere the computed
results with some results from the more complex analysis.
In addition to the assumptions made in the high velocity analysis of
Appendix B, the following assumptions are made:
1) The differences in the kinetic energy terms in the steady-flow energy
equation are negligible in comparison to the differences in the
enthalpy terms.
2) The influence of pressure variations on the density of the gas may
be neglC.4., since small pressure variations accompany small velocity
variations.
3) The definition of stagnation pressure may be simplified to the form
The steady-flow energy equation when applied to the control surface shown in
Figure 35a becomes
(nrdcn tear se i +
Introducing the average specific heat of' the mixture j&as defined by
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equation B4 of Appendix B, equation Cl may be solved directly for the
temperature ratio,
TI = I. 1A C
To I4~AI IVILTI
The continuity equation may be written as
The definition of mach number yields
*, K- wt
-I V& .W16
With assumption 2 above, the equation of state yields
deWS TW, r.
The linear momentum equation written for the control surface of Figure 35a
is
.. ,.. - f+DAL = f(I+w.) .V C6
Making use of assumption 6 of Appendix B regarding the average wall
friction force, and introducing equations C3, C4, and C5, equation C6 gives
the following expression for the pressure ratio:
1e&*w it-ri'( - ( -
Equations Cl and C7 permit easy computation of the final state
properties for fixed values of the initial parameters, the amount of liquid
Levaporated LJ2 and the wall friction term f
-The stagnation pressure ratio may also be computed making use of the
simpDlified definition of assumption 3. Thus
--. 2 a- ...... KJ ' CS
f e p gZ 4- K, Hs,.
Equations C3, C4, C5 and C8 combine to give
a W, Ta.,
.- . ... CL 9j1&
Making use of this low-velocity analysis, calculations of the
fractional increase of static pressure and the fractional increase of
P02 ~ Ol 2
stagnation pressure as functions of the fraction evaporated
01l 0
have been made for the following parameters:
initial stagnation temperature Tl 1500 R
initial mach number M= 0.50
initial injection rate 0 = 0.20 lb water/lb air
liquid temperature TL( 590 R
L
wall friction term f = 0.0 and 0.10D
The results of these calculations are plotted as solid lines on
Figures 36 and 37. For comparison the results of calculations by Gavril (2)
which are based on the high-velocity analysis of Appendix B are plotted as
dashed lines on the same figures. As might be expected, agreement is
reasonably good at an initial mach number M, = 0.5, but the error increases
appreciably with velocity as indicated by the curves for an initial mach
number M = 0.75. As the initial mach number is decreased, the agreement
between the two types of calculation will, of course, improve.
2. Optimum Area Variation Predicted by Low-Velocity Analysis
The comparison of results of the low-velocity and high-velocity
81
discontinuity analysis plotted in Figures 36 and 37 indicates that this
analysis may be applied with some accuracy at values of the initial mach
number below 0.5, and that it may be used to investigate trends in a
qualitative manner above this value. In particular, the analysis may be
used to investigate qualitatively the variation in stagnation pressure
increase which may be expected with aerothermopressor evaporation sections
of variable cross-sectional area.
To accomplish this purpose, the preceding analysis will be
modified as follows:
1) The wall friction will be assumed to be negligible (f = 0).
2) By any section 2, all liquid will be assumed to have evaporated
2 - WA 0).
3) The static pressure will vary with cross-sectional area according
to the relation
AlwzCA 4#010 C/o
where c and m are constants for any particular process.
The energy equation C2, the definition of mach number equation C4, and the
equation of state C5 apply to the variable area process as weli as the constant
area process. The continuity equation and the linear momentum equation have
different forms.
The continuity equation becomes
4L Va A-L *4MNW NM. NMN- 00
The linear momentum equation for the control surface of Figure 35a is
or
-A do. ±[i~. 2 4]* Ciz
-
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Equation C10 may be integrated to solve for the constant,
A,
Combining equations C10, C12, and C13, we have
mi. ) (, 14
Introducing the definition of stagnation pressure we have
faL / d" W '''' O
Combination of equations C4, C5, Cll, 014, and C15 yields the following
expression for the increase in stagnation pressure:
wheire L
Combination of equations C4, C5 and Cll yields the following
relation for the mach numbers
KI M* 2. T.
---- ( 14W0O) 
-- .-- -1....c7K, M-W T, A
For any fixed initial state 1 and injection rate C>0, equations C2
and C16 predict the variation in the rise in stagnation pressure (p02 - P01
with area ratio 2 and the constant m (equation C10). For a fixed value of m,
the rise in stagnation pressure can be shown to increase as the area ratio
Al
is decreased. From equation C17, it may be seen that, as the area ratio
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A
2 is decreased, the mach number ratio is increased. In general, an actual
A1
diffusion process becomes less efficient as the mach number at the inlet to
the diffuser increases and, in addition, the preceding analysis is
quantitatively applicable only at low mach numbers. Thus, the variations
in the rise of stagnation pressure predicted by equation C16 with area ratio
02 Ol2 2
will be compared on the basis of the parameter P02 K M2 where M = M
for M 2 Ml , and 2 - M2 for M 2 M 
.KMM
2 I',mn 2 r 2 1
Computations of the variation of the stagnation pressure rise
parameter 02 - 01 with area ratio -- and the constant m have been made
S K1 V A2
for the following initial parameters:
initial stagnation temperature, T01 = 1500 R
initial mach number, M = 0.50
initial injection rate, 0 = 0.175 lb water / lb air
The results of these calculations are plotted in Figure 34. As would
dp0
be expected from the influence coefficients for - (Table 2), the processes
P0
in which the final mach nunber is equal to the initial mach number (M= M2)
yield the largest values of stagnation pressure rise. In the region of area
ratios of probable interest for the aerothernopressor work, say from- 1.0
A2
to 1.5, it may be seen that the variation in the constant n has little effect
on the predicted stagnation pressure rise. This would indicate that an
assumption of a linear pressure-area relation (m = 0) would probably be
adequate if survey discontinuity computations of a more exact nature are
undertaken.
Appendix D
Analysis of the Motion and the Evaporation of Liquid Drops Suspended in a
Gas Stream
In the process analyses of Appendices A, B, and C, the actual
mechanisms of liquid drop acceleration and evaporation have not been
considered. The effects of the drop acceleration and evaporation on the
overall process for the liquid and gas mixture are taken into account in
these analyses by terms which involve the liquid velocity changes dVA and
specific humidity changes dW . Since the entire evaporation process is in
fact controlled by the heat, mass and momentum transfers between the liquid
drops and the gas mixture, this section is devoted to an analysis of these
effects.
The actual acceleration and evaporation process is obviously
extremely complex, and several simplifying assumptions will be made during
the course of the following analysis to make mathematical computation possible.
As will be shown, a comparison of actual experimental data with the results of
this analysis indicate that reasonable agreement is attained.
Consider a thermodynamic system which is composed of a liquid drop
of mass m at any time t during the acceleration and evaporation process. At
some instant of time later t + dt the system will be composed of a liquid drop
of mass m -- i m(wherel indicates the absolute value of an infinitesmal
change) and a mass I m of vapor. It is difficult, in fact, to identify the
system at time t + dt, since the vapor will be mixed with the surrounding gas.
For purposes of analysis, however, .it will be assumed that the system may be
identified, and, further, that the liquid and vapor are at the saturation
temperature, that the infinitesmal mass of vapor moves with a velocity equal
to that of the drop, and that the work of expansion of the system during
this process may be evaluated in terms of the partial pressure of the
vapor.
The first law of thermodynamics for this process may then be
written, for the stationary observer, as
AE: Q ,
or
Equation Dl simplifies to the form
or, since
Newton's Second law applied to the same system under the assmptions
stated yields
or
&iMM. x
Combination of equations D2 and D3 resultfin
To evaluate the rate of heat transfer it is convenient to define the surface
coefficient of heat transfer
y gnhr-)r
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and, to evaluate rate of mass transfer, it is convenient to define the
surface coefficient of mass transfer
In these definitions, it is assumed that the drops are spherical in shape.
Available experimental correlations of heat and mass transfer data
are difficult to interpret in light of the preceding assumptions and surface
coefficient definitions. For instance, the heat transferrate predicted by
the surface coefficient of heat transfer defined in equation D5 should be by
virtue of equation D2, only that heat transfer necessary to evaporate the
liquid to vapor. The heat transfer associated with changing the temperature
of the vapor from saturation to stream temperature is not included. This
confusion actually arises from the assumption that a thermodynamic system
can be defined for this process. This difficulty does not usually arise in
experimental determinations of the coefficients since usually gas-liquid
temperature differences are used which are much smaller than those
encountered in the aerothermopressor. It can be shown that for molecular
heat and mass transfer, and for the most severe conditions encountered in the
aerothermopressor, the maximum error which is involved in neglecting the rise
in temperature of the vapor is about 15%. In view of the inaccuracies
introduced by other assumptions of the analysis and the lack of empirical
data at high relative velocities this discrepancy will be neglected.
Rivas (6) has correlated experimental data on heat, mass and momentum
transfer between air and liquid drops, and, for the range of Reynolds numbers
in the aerothermopressor, he finds the following correlations are satisfactory:
A414 IT -
low __2 FOX Rcr.
.~F 1
Fot F~ 1'7
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Equations D4, D5, D6, D7, and D8 may be combined to yield the
following equation for the change in temperature of the liquid dT,
Preliminary calculations have indicated that the change in liquid
temperature may be neglected for the major portion of the aerothermopressor
process. If the temperature change is neglected, equation D9 allows the
computation of the liquid temperature from
p~T r. X .T T P- . J o *
With the assumption that the change in liquid temperature may be neglected,
equations D4, D5, and D7 may be combined to give an expression for the change
in drop diameter with time,
-(T-T Fo e IA *. FOI
The specific humidity of the stream is given by
temeraur ma benelecedforthemaor oriono teaeohemprso
Ws~ 4qj fiR
__ __ __b
AA44 (. T eI)r
where N is the number of liquid drops per unit mass rate of flow of air. If
the assumption is made that there is no change in the number of drops per unit
mass rate of flow of air, the change in specific humidity may be computed
from equation Dl2,
(AAd
This assumption implies that the drop size is uniform, that there is
no fragmentation or coagulation of the drops, and that no drops impinge on the
walls of the evaporation section.
Rivas (6) has also correlated values of the coefficients of drag
for solid spheres in gas streams and recommends the following correlations:
10('V) -4 Z 1lReFI FOX Re~
C424 (Re FA ReF I Re..
These correlations are subject to inaccuracies similar to those discussed in
connection with the heat and mass transfer surface coefficient equations.
Combination of equations D3 and D14 allows the prediction of change
in liquid velocity from
VALe(f~j~p FO Repr
A__ :is j -{v- r) Rer Re*It e
Equations D10, Dll, D13, and D15 predict the effects of heat, mass,
and momentum transfer between the liquid droplets and the liquid-vapor mixture.
Combination of these equations with the equations predicting the changes in
stream properties from Appendix A (Table 2) penits the complete computation
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of an infinitesmal portion of the aerothermopressor process, subject to the
limitations of the stated assumptions.
If the equations are to be integrated over the entire evaporation
section, it is necessary to introduce the additional assumption that upon
injection of the water into the gas stream, a homogeneous distribution of
droplets is formed throughout the gas instantaneously. This assumption
necessarily leads to large errors in the prediction of the behavior of the
first portion of evaporation process.
It is also necessary to predict the initial diameter of the droplets
which are formed upon injection. The results of the computation are obviously
very much effected by errors in the prediction of this drop size since the
characteristics of the entire acceleration and evaporation process are extremely
sensitive to drop diameter. The work of Plender (7) indicates that the drop
size prediction equation of Nukiyama and Tanasawa (8) gives reasonable values.
This equation is
where d is the surface to volume mean diameter of the drops in microns ( )
which are formed when liquid water is injected in a gas stream whose velocity
relative to the drops is V meters per second.
The system of controlling equations is so complex that they can be
integrated only by numerical techniques. Gavril (2) is at the time of this
writing accomplishing this integration of a somewhat more general set of
equations for a wide range of initial conditions with the Wirlwind computer.
The writer has completed only one numerical integration using the simplest,
noh--iterative techniques.
The values of the parameters chosen for this integration are as
follows:
initial stagnation temperature, T01 = 1500 R
initial stagnation pressure, p01 = 14.7 psia
initial mach number, M1 = 0.500
initial injection rate, 0 = 0.20 lb water/lb air
Fanning friction factor, f 0.005
initial drop size (equation D16), d= 19.0o = 62.3 (10-6 ) ft.
liquid temperature (equation D10), T = 582 R
diameter of evaporation section, D = 2.125 in.
The results of this integration are plotted on Figure 26 together with corres-
ponding experimental data. The discrepancies between the theoretical and
experimental results are discussed in Section III D.
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Nomenclature
Symbols
A area
C constant or velocity of sound
CA coefficient of drag
c* specific heat at constant pressure
CV specific heat at constant volume
D diameter of evaporation section or diffusivity
9 drag force
cc exact differential operator
4C inexact differential operator
S{ liquid drop diameter
internal energy
f Fanning friction factor
proportionality constant in Newton' s Second Law
enthaipy
surface coefficient of mass transfer
surface coefficient of heat transfer
C ratio of specific heats, k- C* 4 C
thermal conductivity
,. distance from plane of injection
11 mach number
constant or mass of liquid drop
/N number of drops per unit mass rate of flow of gas
A& Nusselt number for mass transfer
IA* Nusselt number for heat transfer
Prandtl number
pressure
Q quantity of heat
rate of heat transfer
gas constant
universal gas constant
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Symbols
Re Reynold's number
A- radius
Sc Schmidt number
entropy
absolute temperature
t: time
internal energy
V velocity
specific volume
quantity of work or molecular weight
- ~ mass rate of flow
distance
defined by equation on pages 24 and 55
ratio of liquid velocity to gas velocity
defined by equation C16, page 82
defined by equation A28, page 69
4 defined by equation B19, page 75
absolute value of differential operator
-? defined by equation B23, page 77
defined by equation B23, page 77
density
viscosity
<C wall shear stress
specific humidity
WOn initial injection rate, ratio of mass rate of flow of liquid to
mass rate of flow of gas
Subscripts
0 stagnation state
I state at entrance to evaporation section (Figure 1)
2 state at entrance to diffuser (Figure 1)
3 state at exit of diffuser (Figure 1)
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Subscripts
air or gas
critical or choking
value for film temperature,
saturated liquid water
change from saturated liquid
saturated water vapor
liquid
maximum
superheated water vapor
to T
-t
to saturated vapor
a
C
F
It
xe
p4
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16 Variation of Measured Specific Humidity with Initial
Injection Rate for Sampling Probe II Located 67.5 in. from
Injection Plane
17 Effect of Water Injection on Pressure Distribution Along
Evaporation Section at Low and High Temperatures
18 Effect of Water Evaporation on Static Pressure Distribution
Along Evaporation Section for Various Injection Rates
19 Effect of Water Evaporation on Static Pressure Distribution
Along Evaporation Section for Various Initial Mach Number
Values
20 Typical Aerothermopressor Performance Curves-Performance
Coefficient vs. Initial Injection Rate
21 Optimum Aerothermopressor Performance Achieved with Various
Water Injection Nozzles
22 Measured Optimum Aerothermopressor Performance Versus
Initial Mach Number
23 Effect of Pressure Level on Static Pressure Distribution
Along Evaporation Section
24 Corrected Fraction Evaporated Profiles at Four Cross-
Sections-Initial Injection Rate of 0.150 lb Water per lb Air.
25 Corrected Fraction Evaporated Profiles at Four Cross-
Sections-Initial Injection Rate = 0.252 lb Water per lb Air
94
Number Title
26 Comparison of Rates of Evaporation Measured by Humidity Data,
Measured by Static Pressure Data, and Computed by Analysis of
Appendix D
27 Variation of Rate of Evaporation with Initial Mach Number
and Initial Injection Rate
28 Comparison of Results of Fanno Line Analysis and High-Velocity
Discontinuity Analysis for Choked Flow with no Water Injection-
Initial Mach Number Versus Wall Friction
29 Comparison of Experimental Results with Calculations From
High-Velocity Discontinuity Analysis, no Evaporation, Choked
Flow--Initial Mach Number Versus Injection Rate
30 Comparison of Experimental Results with Calculations from High-
Velocity Discontinuity Analysis, No Evaporation, Choked Flow.
Ratio of Final Static Pressure to Initial Stagnation Pressure
Versus Injection Rate.
31 Pressure Variation Along Evaporation Section for Tests in
which Humidity was Measured with Probe I
32 Results of Computations Based on High-Velocity Discontinuity
Analysis (Appendix B), Gavril (2). Ratio of Static Pressure
to Initial Stagnation Pressure Versus Fraction Evaporated.
33 Results of Extrapolation of Small Scale Test Data to Larger
Scale Aerothermopressors. Stagnation Pressure Ratio Versus
Initial Stagnation Temperature for Various Length-Diameter
Ratios.
34 Variation in Stagnation Pressure Rise with Area as Computed
from Low-Velocity Discontinuity Analysis.
35a Finite Control Surface for Discontinuity Analysis
35b Infinitesmal Control Surface for Derivation of Influence
Coefficients
36 Comparison of Computed Results for Low Velocity and High
Velocity Discontinuity Analyses--Static Pressure Rise Versus
Fraction Evaporated
37 Comparison of Computed Results for Low Velocity and High
Velocity Discontinuity Analyses--Stagnation Pressure Rise
Versus Fraction Evaporated
T1ab .e 1
Tabulation of Types of Water Injection Nozzles Vtilized in Small Scale Aerothermopressor
No. Description Sketch
1 Single axial-flow jet, 0.140 in. diameter,
centrally located at air nozzle exit plane.
2 Impingement sheet nozzle, centrally located
at air nozzle exit plane.
3 0.125" OD, 0.110" ID axial jets; one in center;
six equally displaced on circumference of circle
with d l 1/4 in, centrally located at air
nozzle exit plane.
6 0.072" OD, 0.054" ID axial jets; one in center;
six equally displaced on circumference of
1 1/4 in circle;six equally displaced on
circumference of 5/8 in circle, centrally
located at air nozzle exit plane.
7 Six symmetrically placed 0.030" diameter radial
holes 3/8" downstream from air nozzle exit
plane.
16 Centrally located axial swirl nozzles P vco 38 EAD
(modified Sprayco No. 3B) at air nozzle exit
plane. -
No. / Description No. Description
4 Same as No. 3 with circumference of circle 13 Same as nozzle No. 8 but with 0.040"
d = 1 1/8 in. diameter radial holes.
5 Same as No. 3 with circumference of circle 14 Combination of nozzle Nos. 1 and 13 with
d 1 in. equal water flows in each.
8 Three symmetrically placed 0.030" diameter 15 Six symmetrically placed 0.024" diameter
radial holes 3/8" downstream from nozzle exit radial holes 3/8" downstream from air nozzle
plane and the same 10 3/4" downstream from exit plane in combination with nozzle No. 1.
9 Combination of nozzle Nos. 1 and 8 with equal 17 Same as nozzle No. 15 but with nozzle No. 16
water flows in each. replacing nozzle No. 1.
10 Combination of nozzles Nos. 1 and 7 with equal 18 Same as nozzle No. 3 but with 0.072" 3D,
rate flows in each. 0.054" ID tubing.
11 Same as nozzle No. 7 but with 0.040" diameter 19 Same as nozzle No. 18 but located 1 1/2"
radial holes. upstream from air nozzle exit plane.
12 Combination of nozzles Nos. 1 and 11 with equal 20 Same as nozzle No. 3 but located 1 1/2"
water flows in each. upstream from air nozzle exit plane.
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